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EXECUTIVE SUMMARY

Heavy metals and persistent organic pollutants (POPs) are toxic substances targeted by national and
international environmental organizations and regulated by international agreements including the
UNECE Convention on Long-range Transboundary Air Pollution (hereafter, CLRTAP or the
Convention). Protocol on Heavy metals and Protocol on POPs to the Convention, aimed at reduction
of emissions of these pollutants to the atmosphere, were adopted in 1998 and amended in 2012 and
2009, respectively. According to the Protocols, the priority heavy metals and POPs are lead (Pb),
cadmium (Cd) and mercury (Hg), polychlorinated biphenyls (PCBs), polychlorinated dibenzo(p)dioxins
and dibenzofurans (PCDD/Fs), hexachlorobenzene (HCB) and polyaromatic hydrocarbons (PAHSs). The
considered PAHs  comprise  benzo(a)pyrene  (B(a)P), benzo(b)fluoranthene  (B(b)F),
benzo(k)fluoranthene (B(k)F), and indeno(1,2,3-cd)pyrene (I(cd)P). According to the amendments
made in 2009 a number of Contaminants of Emerging Concern (CECs) were also included to the POP
Protocol.

Scientific support of the implementation of the Protocols is carried out by the co-operative
Programme for Monitoring and Evaluation of Long-range Transmission of Air Pollutants in Europe
(EMEP, www.emep.int ). EMEP activities on emission data, results of monitoring activity, model
assessment of heavy metal and POP pollution, research and model development as well as
cooperation with subsidiary bodies to the Convention, national and international organizations is
described in the report. More detailed information is available in the Technical reports [/lyin et al.,
2022; Aas et al., 2022; Pinterits et al., 2021; Schindlbacher et al., 2021] and the Supplementary Data
Reports on heavy metals [Strizhkina et al., 2022a] and POPs [Strizhkina et al., 2022b] as well as on
the websites (www.msceast.org; https://projects.nilu.no/ccc/reports.html; https://www.ceip.at/).

Emissions

Completeness and consistency of submitted data have improved significantly since EMEP has been
collecting information on emissions. In 2022 the emission data on heavy metals and POPs were
submitted by 47 (92%) Parties. The quality of submitted data across countries differs quite
significantly. Uncertainty of reported data (national totals, sectoral data) is considered to be
relatively high. The completeness of reported data is not satisfactory for all pollutants and sectors
either.

Analysis of the long-term heavy metal and POP emission trends from 2000 to 2020 demonstrated
that temporal variability of the emissions differs significantly in the western and eastern parts of the
EMEP domain. In the western part the reduction of PCDD/Fs, HCB , PCB and PAHs made up 61, 96, 59
and 16%, respectively. The reduction of heavy metal emissions was 47% (Cd), 59% (Hg) and 76% (Pb).
The trends of heavy metal and POP emissions in the eastern part of the EMEP domain are
inconsistent, mainly due to incomplete reporting.

“Industry” sector is the main contributor of Cd, Hg, Pb and PCB in the EMEP region, making up 39 —
83% to total emission. For PAHs (76%) and PCDD/Fs (47%) most of emissions are presented by the
sector “Other stationary combustion”. For HCB the sectors “Public electricity and heat production”,
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“Industry”, “Other stationary combustion” and “Other emissions from agriculture” have comparable
proportions (22 — 28%) to the total emissions. For most of the considered pollutants emissions in the
eastern part of the EMEP domain are characterized by higher contribution of sector “Public
electricity and heat production” compared to the emissions in the western part.

Emission data for modelling were gridded over latitude-longitude grid based on the gridding system
developed by CEIP. If no reported gridded data is available, data of Global Unintentional POPs
Emissions data from the Emission Database for Global Atmospheric Research or particulate matter
data from the Copernicus Atmospheric Monitoring Service were used as proxies. Final emission data
sets for modelling were generated by MSC-E based on the inventories provided by CEIP and
additional information on temporal variability, vertical distribution and chemical speciation of
emissions. Global emission data were also prepared by MSC-E using the results of the related
research projects and expert estimates.

Emission data for modelling were gridded over latitude-longitude grid based on the gridding system
developed by CEIP. If no reported gridded data is available, relevant data from various research
projects were used as proxies. Final emission data sets for modelling were generated by MSC-E based
on the inventories provided by CEIP and additional information on temporal variability, vertical
distribution and chemical speciation of emissions. Global emission data were also prepared by MSC-E
using the results of the related research projects and expert estimates.

Monitoring

In 2020, there were 40 sites measuring heavy metals of the first and the second priority in both
aerosols and precipitation, and altogether there were 67 measurement sites. Mercury in air or
precipitation was measured at 27 sites. POP monitoring data were reported by 39 stations, and
measurements in both air and precipitation were available at 25 stations. The data on heavy metals
were reported by 21 Parties to the Convention, and the data on POPs by 17 Parties. The highest
concentrations of heavy metals in air are mainly seen along the coast and especially around the
English Channel. Relatively high levels of the concentrations in precipitation generally occur in
Eastern Europe. For POPs higher levels are noted for the central and eastern parts of Europe while
lower levels take place in the northern part.

Analysis of measured long-term trends of HCB revealed that air concentrations of HCB demonstrate
very slow decline or even increase. The reasons for this remain poorly understood. Various factors
possibly affecting the levels and long-term tendencies such as re-volatilization from previously
contaminated surfaces, seasonal variability, peculiarities of atmospheric transport patterns and
differences in sampling and analytical methodologies were discussed.



Status of heavy metal and POP pollution in 2020

Heavy metal (Pb, Cd, Hg) and POP (PAHs, PCDD/Fs, HCB, PCB-153) atmospheric pollution, in 2020 was
analyzed for the whole the EMEP region, sub-regions and individual countries. The largest pollution
levels of most contaminants are found in Central Europe. This region is characterized by the highest
mean deposition fluxes of Pb, Cd, Hg and PAHs and significant pollution levels for PCDD/Fs, PCB-153
and HCB. Northern Europe and Caucasus and Central Asia are the regions with the lowest average
pollution levels. According to the estimates, pollution changes between 2019 and 2020 caused by
meteorological variability did not exceed +15% on average for all considered contaminants in all the
sub-regions.

Evaluation of the modelling results against observations was carried out for air concentrations and
wet deposition fluxes available from the EMEP monitoring network. At most of the stations the
modelled air concentrations of Pb and Cd and wet deposition fluxes of Pb, Cd and Hg agree with the
observed levels within a factor of two. The model tends to overestimate air concentrations of Pb and
Cd and underestimate their wet deposition fluxes. Modelled air concentrations of Hg match the
observed levels within £15%, and somewhat overestimate wet deposition fluxes. Evaluation of PAH,
HCB and PCB-153 estimates demonstrate that the absolute value of mean bias between modelled
and observed concentrations is below 14%. At the majority of stations the modelled and observed
concentrations of PAHs agree within a factor of two. The model matches observed air concentrations
of HCB, PCB-153 and PCDD/Fs within a factor of two at about half of the stations.

Deposition fluxes of heavy metals and POPs within the EMEP region are formed by the EMEP
anthropogenic emissions, secondary emissions (wind re-suspension of dust particles containing Pb
and Cd, natural/legacy emissions of Hg, re-emission of POPs), and emissions from sources located
outside the EMEP region (non- EMEP sources). Contributions of anthropogenic and secondary
sources to Pb deposition in the EMEP region are comparable, while in case of Cd the anthropogenic
component prevails. The contribution of non-EMEP sources to Pb and Cd deposition is generally
relatively low, except for Southern Europe and Caucasus and Central Asia. For Hg the contribution of
non-EMEP sources exceeds that of the EMEP anthropogenic sources, while the contribution of
secondary emissions from the EMEP domain is minor. Secondary sources are the main contributors
to deposition of PCDD/Fs and PCB-153, and are the predominant source of HCB pollution in the
EMEP region. The contribution of non-EMEP sources of these POP pollutants is relatively low.

In order to support the activities of the Working Group on Effects (WGE) on evaluation of adverse
effects of heavy metal pollution on human health and biota, ecosystem-specific deposition fluxes of
Pb, Cd and Hg were calculated. It was shown that deposition flux to high vegetation land-cover types
(e.g., forests) is several-fold higher than that to low-vegetation types. Besides, the contribution of dry
deposition to total deposition in forest is higher than that in other ecosystems. It is worth to note
that an update of the critical loads estimates is needed to evaluate the present-day effect of the
pollutants on the environment.

Results of the model simulations and measurements of PAH pollution levels in the EMEP domain
were used to evaluate exposure of population to high levels of concentrations exceeding air quality



guidelines. Model estimates show that about 8% of the EMEP countries population in 2020 resided in
areas with annual mean B(a)P air concentrations exceeded the EU target level. The upper assessment
thresholds (UAT) and lower assessment thresholds (LAT) values were exceeded in the areas with
about 15% and 25% of the population, respectively. The WHO Reference level was exceeded for
about 66% of population of the EMEP countries. However, if the mixture of the four priority PAHs is
considered, the percentage of population resided in areas, where the threshold levels are exceeded,
is higher (e.g., 11% for the EU target value and 75% for the WHO reference level).

Atmospheric loads to the Arctic and to the marginal seas (the North, Baltic, Black, Mediterranean and
Caspian) were also assessed. The assessment includes information on deposition levels and source
attribution of heavy metals and POPs in 2020. Besides, results of the model simulations of the
pollution on a global scale are shown. These simulations are used to estimate contribution of non-
EMEP sources to heavy metal and POP pollution levels in the EMEP countries. However, inventories
of heavy metals and POPs global scale emissions are subject of considerable uncertainties. Thus,
improvement of the global-scale assessment requires additional efforts on development of global
emissions inventories for heavy metals and POPs in co-operation with other international bodies (UN
Environment, Stockholm Convention, Minamata Convention, etc.).

Research and development

Multi-model analysis of B(a)P pollution levels in Europe is being performed as a part of the joint
TFMM/EuroDelta-Carb intercomparison exercise of national experts and MSC-E. Main objectives of
the study on B(a)P are to explore the model performance, analyze sources of uncertainties of
modelling results, and to contribute to the refinement of B(a)P emissions from the combustion of
fossil fuel and biomass burning. Preliminary analysis of modelling results demonstrates generally
reasonable level of agreement of model predictions with observed B(a)P concentrations. At the same
time, for some of the stations modelled concentrations significantly deviated from the observed
values indicating possible effect of uncertainties in emission estimates, modelling approaches, and
measurements. It is planned to perform more detailed analysis to explore the reasons of the
differences between the output of participating models, the deviations of the model predictions
from observed B(a)P concentrations, and to compare other characteristics and parameters (e.g.
B(a)P concentrations in precipitation and deposition fluxes, concentrations of species affecting B(a)P
chemical transformations in the atmosphere).

Contaminants of emerging concern (CECs) comprise a wide range of substances having potential to
adversely affect wildlife and human health. Some of the CECs are receiving increasing attention in
many international and national environmental organizations. Selected CECs were added to the
CLRTAP POP Protocol for regulation of their production and use, namely, hexachlorobutadiene
(HCBD), octabromodiphenyl ether (octa-BDE), pentachlorobenzene (PeCB), pentabromodiphenyl
ethers (PBDEs), perfluorooctane sulfonates (PFOS), polychlorinated naphthalenes (PCN) and short-
chain chlorinated paraffins (SCCPs). Ambient concentrations of CECs (e.g. of PBDEs, SCCPs, and PFAS
(per- and polyfluoroalkyl substances)) are measured at the EMEP monitoring stations and at a
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number of sites of national monitoring networks. Furthermore, preparatory work for evaluation of
CEC pollution levels, transport and fate in the environment is carried out.

Global character of Hg dispersion leads to contamination of terrestrial and aquatic ecosystems of the
high latitude regions and the northern countries. A detailed study of Hg pollution on a country scale
was performed for Norway as a part of the Norwegian Mercury Assessment 2022 (NMA 2022). The
study was carried out in close collaboration with national experts and involving detailed national
data on observations and emissions. Elevated Hg deposition levels were found in the southern part
of the country and along the coast including the most northern areas, whereas low levels occur in the
inland territories of the country. Mercury deposition to the country underwent relatively small
reduction over past 30 years because of significant contribution of global emissions, which have been
slowly changing. The study could useful for the effectiveness evaluation of national and international
pollution reduction measures. Besides, further analysis of deviations between the modelling results
and observations can help further improving the modelling approaches.

PAH pollution assessment on a national scale was continued in the framework of a country-scale
study for Poland. The second phase of the study was focused on the model assessment of B(b)F,
B(k)F, and I(cd)P. In particular, analysis and update of model parameterizations for these compounds
was carried out. The GLEMOS model was used to evaluate previous and updated national emission
inventories of these PAHSs. Results of model simulations showed that updated national PAH emission
inventory (reported to EMEP) allowed to achieve improvement of pollution assessment accuracy for
B(b)F and B(k)F. At the same time, no improvements were seen in case of I(cd)P. On the whole, the
study showed that the modelling results still tend to underpredict observed air concentrations of
PAHs in the country. Thus, further activities to refine emission estimates and to reduce uncertainties
of the model parameterizations for PAHs are of importance.

In order to evaluate the effect of wildfires on heavy metal and POP pollution levels, development of a
model parameterization for wildfire emissions was initiated. Available databases on wildfire
parameters were analyzed and pilot estimates Pb and B(a)P emissions from wildfires in the EMEP
region were carried out. Analysis of the preliminary results showed that the annual mean
contribution of wildfires to overall emissions and pollution levels of Pb and B(a)P is relatively low.
Nevertheless, in particular countries and in certain months the wildfires can be significant
contributors to the Pb and B(a)P pollution levels in the EMEP region. Further research will include
sensitivity studies, involvement of wider range of measurement data for verification purposes and
testing of the proposed approach to other heavy metals and POPs.

Cooperation

Main results of MSC-E in the field of research and model development were discussed at the virtual
meeting of the Task Force on Measurements and Modelling (TFMM). In particular, participation of
MSC-E in the assessment of Hg pollution of the Arctic and the results of the Hg case study for Norway
were discussed. Besides, the parameterization of heavy metal and POP emissions from wildfires and
preliminary results of the model simulations using the wildfire emissions were demonstrated. State-



of-the-art information about emissions, monitoring and modelling of CEC was overviewed. Finally,
current results of the EuroDelta-Carb project and the country-scale study of PAH levels in Poland
were presented.

MSC-E continues co-operation with the Task Force on Hemispheric Transport of Air Pollution (TF
HTAP) on assessment of Hg and POP pollution. In particular, the Centre took part in the TF HTAP
virtual meetings focused on global emissions and modelling of Hg (May 18, 2022) and POPs/CEC
(May 25, 2022). The meetings were aimed at discussion of practical programs for fulfilment of the
near-term plans of Hg and POP activities formulated at the TF HTAP Workshops (April 2021). It was
agreed that near-term TF HTAP activities on Hg would benefit, if formulated in line with the on-going
effectiveness evaluation procedure performed under the Minamata Convention on Mercury (MCM).
It was concurred to consider opportunities of multi-pollutant studies of combustion-related POPs
(e.g. PAHs, PCDD/Fs) and PM, and to continue reviewing the progress in the studies of CECs and
microplastics on global and regional scales.

Long-term changes of heavy metal and POP deposition in comparison with observed concentrations
of these pollutants in mosses and measured levels at the EMEP monitoring stations was analyzed in
cooperation with ICP-Vegetation of WGE. The presented analysis showed that combined usage of the
results of biomonitoring, the EMEP atmospheric monitoring and the modelling improves
investigating long-term heavy metal and POP pollution changes in particular countries as well as at
local scale. Results of the modelling and biomonitoring demonstrate similar rates of Pb, Cd, Hg and
Cu reduction in most of EMEP countries. The moss measurements, observations at the EMEP
monitoring stations and the modelling results demonstrate declining trends of BDE-99 levels and
minor changes of PCB-153. Results of the moss surveys are important for evaluation of long-term
trends of heavy metals and POPs in the EMEP region. Further cooperation between EMEP and ICP-
Vegetation is highly appreciated.

MSC-E completed assessment of atmospheric loads of Pb, Cd and Hg to the marine regions of the
North-East Atlantic under support of the OSPAR Commission. Long-term deposition trends for the
period from 1990 to 2019 were calculated for each OSPAR maritime region and source-receptor
relationships were estimated for 1995, 2005 and 2015. The modelling results were evaluated against
observed data from the OSPAR Comprehensive Atmospheric Monitoring Programme (CAMP). It was
shown that current estimates of long-term trends were comparable with the results of the previous
studies. The results of this work were summarized in the Technical Report [llyin et al., 2022].

Furthermore, MSC-E continued cooperation with Task Force on Technical and Economic Issues
(TFTEI), HELCOM and Stockholm Convention. MSC-E took part in the 7™ TFTEI annual meeting.
Updated results on long-term changes in measured and modelled B(a)P air concentrations had been
demonstrated with emphasis on key emission source categories and exceedances of B(a)P air quality
guidelines and population exposure. MSC-E took part in the preparation of the 3rd Global Monitoring
Report of the Stockholm Convention, which compiled the most recent outcomes of research
activities on monitoring and modelling of pollution levels and trends for legacy POPs as well as for
CECs. In the framework of cooperation with HELCOM, the data on atmospheric emissions and
modelled deposition of copper, HCB, and BDE-99 for the period 1990-2019 were prepared. In



addition to this, a review of information on regulation, emissions, monitoring, and model assessment
of SCCPs and PFOS was performed. Results of this work are available in the joint report of the EMEP
Centres for HELCOM [Gauss et al., 2021].

Future activities

Future activities of the EMEP Centres are aimed at further improvement of the assessment of heavy
metal and POP pollution levels in the EMEP countries. Detailed evaluation of PAH pollution in the
EMEP region will be continued as a part of the TFMM/EuroDelta-Carb multi-model intercomparison
study. Collection and evaluation of global emission inventories of Hg and POPs, multi-model studies
of Hg air-surface exchange as well as source apportionment of combustion-related POPs will be
continued in cooperation with TF HTAP, Minamata and Stockholm Conventions and AMAP.
Preparatory work for assessment of CECs long-range transport and fate will be further conducted.
Case studies of heavy metal and POP pollution on a country scale aimed at detailed analysis in co-
operation with national experts will be initiated in accordance with demands from EMEP countries.
MSC-E will proceed with long-term co-operation with WGE focusing on joint analysis of heavy metal
measurements in moss in co-operation with ICP Vegetation, data support of ICP Integrated
Monitoring and ICP Forests as well as data exchange with TF Health on PAH pollution levels and
exceedances of air quality guidelines. It is planned to perform assessment of atmospheric pollution of
the Baltic Sea and North-East Atlantic with heavy metals and POPs in co-operation with HELCOM and
OSPAR Commissions.
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INTRODUCTION

Heavy metals and persistent organic pollutants (POPs) are toxic substances targeted by national and
international environmental organizations and regulated by international agreements including the
UNECE Convention on Long-range Transboundary Air Pollution (hereafter, CLRTAP or the
Convention). Protocol on Heavy metals and Protocol on POPs to the Convention, aimed at reduction
of emissions of these pollutants to the atmosphere, were adopted in 1998 and amended in 2012 and
2009, respectively. According to the Protocols, the priority heavy metals and POPs are lead (Pb),
cadmium (Cd) and mercury (Hg), polychlorinated biphenyls (PCBs), polychlorinated dibenzo(p)dioxins
and dibenzofurans (PCDD/Fs), hexachlorobenzene (HCB) and polyaromatic hydrocarbons (PAHs). The
considered PAHs  comprise  benzo(a)pyrene  (B(a)P), benzo(b)fluoranthene  (B(b)F),
benzo(k)fluoranthene (B(k)F), and indeno(1,2,3-cd)pyrene (I(cd)P). According to the amendments
made in 2009 a number of Contaminants of Emerging Concern (CECs) were also included to the POP
Protocol.

Scientific support of the implementation of the Protocols is carried out by the Co-operative
Programme for Monitoring and Evaluation of Long-range Transmission of Air Pollutants in Europe
(EMEP, www.emep.int ). Information about emissions of heavy metals and POPs in the EMEP region
is compiled by Centre on Emission Inventories and Projections (CEIP). Monitoring activity within
EMEP is supported by Chemical Coordinating Centre (CCC). Model assessment of pollution levels and
transboundary transport of heavy metals and POPs is performed by Meteorological Synthesizing
Centre — East (MSC-E). The Working Group on Effects (WGE) is focused on evaluation of adverse
impacts of the pollutants on the environment and human health.

The Status report summarizes the activity of the EMEP Centres in the field of assessment of heavy
metal and POP pollution levels in 2020, following biennial work plan for the implementation of the
Convention for 2022—-2023 [ECE/EB.AIR/2021/2]. Chapter 1 summarizes information on heavy metal
and POP emissions used in the model assessment of pollution levels in the EMEP region. Results of
the monitoring activity are presented in Chapter 2. Model assessment of heavy metal and POP
atmospheric pollution and information on transboundary transport in 2020 is described in Chapter 3.
The results of the Chapter are based on emissions data of the previous reporting year (2019) and
characterize pollution changes due to inter-annual meteorological variability. The updated results
based on the new emissions reporting for 2020 are presented in Annex B. Recent model
developments and research activities are overviewed in Chapter 4. Cooperation with national and
international organizations as well as cooperation with the Subsidiary Bodies to the Convention are
presented in Chapter 5. Finally, the main challenges and proposals for future work are formulated in
Chapter 6.

More detailed information about results of the model assessment, research and cooperation
activities, conducted by MSC-E, is presented in the supplementary and technical reports. In
particular, detailed information on pollution levels and evaluation of the modelling results is
available in the Supplementary Data Reports on heavy metals [Strizhkina et al., 2022a] and POPs
[Strizhkina et al., 2022b]. Assessment of pollution of the North-East Atlantic by Pb, Cd and Hg
prepared under support of OSPAR Commission, is given in [llyin et al., 2022]. Besides, evaluation of
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long-term changes of atmospheric input of copper, HCB, and BDE-99 to the Baltic Sea is presented in
the Joint report of EMEP Centres for HELCOM [Gauss et al., 2021]. Finally, the description of the
current stable version of the Global EMEP Multi-media Modelling System (GLEMOS) and information
on heavy metal and POP pollution of the EMEP region and individual countries can be found on the
MSC-E website (www.msceast.org).
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Chapter 1. EMISSIONS OF HEAVY METALS AND POPs

1.1. Official emission data for 2020

The EMEP Reporting guidelines [UNECE, 2014] request all Parties to the LRTAP Convention to report
annually emissions and activity data of air pollutants (SO, NO,, NMVOCs, NHs;, CO, heavy metals,
POPs, particulate matter (PM)and voluntary black carbon (BC). Information on large point sources
(LPS), projection data and gridded data should be reported every four years.

1.1.1. Reporting of emission inventories in 2022

Completeness and consistency of submitted data have improved significantly since EMEP has been
collecting information on emissions (Fig. 1.1). 47 (92%) Parties submitted data to CEIP in 2022, 45
Parties reported data on priority heavy metals (Cd, Hg, Pb), from which 41 Parties provided the full
time series, three Parties reported only 2020 data, 39 Parties reported data on five additional heavy
metals (Arsenic (As), chromium (Cr), copper (Cu), nickel (Ni), selenium (Se), zinc (Zn) and their
compounds) (Fig. 1.2). 44 Parties reported data on POPs (total PAHs, PCDD/Fs, HCB, PCBs), out of
which all also reported data on additional PAHs (B(a)P, B(b)F, B(k)F, I(cd)P).
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Fig. 1.1. Number of parties reporting emission data to EMEP since 2002, as of 1 June 2022.
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Fig. 1.2. Number of parties reporting of heavy metals and POPs to EMEP since 2009, as of 1
June 2022.

' The original submissions from the Parties can be accessed via the CEIP homepage on https://www.ceip.at/status-of-
reporting-and-review-results/2022-submission
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The quality of submitted data across countries differs quite significantly. When compiling the
inventories, countries have to use the newest available version of the EMEP/EEA gir pollutant
emission inventory quidebook, which is the version of 2019 [EMEP/EEA Guidebook, 2019]. However,
several countries still use the Guidebook 2016 [EMEP/EEA Guidebook, 2016] or older versions.
Uncertainty of reported data (national totals, sectoral data) is considered to be relatively high [CEIP/

Uncertainties, 2021]. The completeness of reported data is not satisfactory for all pollutants and
sectors either. Detailed information on recalculations, completeness and key categories, plus
additional review findings, can be found in the annual CEIP technical inventory review reports and its
Annexes™>.

1.1.2. Emission trends in the EMEP area - reported data

For priority heavy metals and POPs the emission trends and completeness of reported data show
different pictures for the EMEP-East and EMEP-West regions. The EMEP-West region includes the
EU27 countries, Monaco, Albania, Bosnia & Herzegovina, North Macedonia, Montenegro, Serbia,
Iceland, Liechtenstein, Norway, Switzerland and the United Kingdom. The EECCA countries and
Turkey are summarized in the EMEP-East region.

EMEP West area — POPs

The strong fluctuations in emission trends of POPs for the EMEP-West region (Fig. 1.3) are mostly
due to the reporting of single countries. The high reductions of HCB from 2001 to 2002 are due to the
strong decrease in emissions reported by Germany. Liechtenstein does not report PCB. Bosnia &
Herzegovina does not report any data.

Main revisions in reporting
e Serbia strongly revised PCDD/F and PAHs which shows more reasonable (lower) emission
values.

Emission trends of POPs 2000 to 2020

Table 1.1. shows reported data, and Figure 1.3 demonstrates the indexed trend (year 2000 = 100%)
for POPs 2000 to 2020 in the EMEP WEST area.

? https://www.ceip.at/review-of-emission-inventories/technical-review-reports

https://www.ceip.at/review-of-emission-inventories/review-process

16


https://www.ceip.at/review-of-emission-inventories/technical-review-reports
https://www.ceip.at/review-of-emission-inventories/review-process

Table 1.1. POPs 2000-2020 in the EMEP West area (reported data)

B(a)P B(b)F B(k)F IcdP PAHs PCDD/F HCB PCBs
(t) (t) (t) (t) (t) (g!-TEQ) (kg) (kg)
2000 278 293 142 146 932 5275 4162 8080
2001 282 296 144 147 940 4738 4269 7520
2002 279 293 142 143 928 4531 994 6987
2003 286 300 145 147 953 4116 579 6538
2004 287 300 144 147 956 4148 442 6 057
2005 297 309 148 150 982 3858 452 5818
2006 309 317 151 154 1013 3441 341 5624
2007 300 309 147 154 992 2 828 330 5334
2008 313 324 153 160 1024 2870 305 5146
2009 307 312 146 158 975 3175 261 4679
2010 329 334 156 169 1049 2647 244 4672
2011 303 308 144 155 973 2518 262 4479
2012 317 324 151 165 1011 2471 255 4281
2013 309 317 148 162 987 2435 316 4057
2014 279 285 134 146 896 2289 351 3904
2015 280 287 135 147 902 2330 227 3810
2016 285 292 138 149 918 2259 287 3706
2017 278 286 134 146 900 2254 313 3653
2018 263 272 129 140 860 2215 225 3568
2019 242 251 119 132 796 2112 220 3459
2020 242 249 118 130 783 2034 182 3315
Trend 2000 to 2020 -13% -15% -17% -11% -16% -61% -96% -59%
Change 2000 to 2020 -36 -44 -24 -15 -149 -3241 -3979 -4 765

From 2000 to 2020, PCDD/F emissions have been reduced by 61% (-3241 g I-TEQ) with major
reductions between 2000 and 2010 (-49.8%). Major reductions are reported by France (-458 g I-TEQ),
Slovakia (- 839 g I-TEQ), Romania (- 575 g I-TEQ) and Portugal (-281 g I-TEQ). All countries except
Serbia (+39%) reported decreasing emissions since the year 2000.

The strongest PCDD/F emissions reductions occurred in GNFR-sectors A_PublicPower (-1172 g I-TEQ),
J_ Waste (-1310 g |I-TEQ) and B_Industry (-474 g |-TEQ). PCDD/F emissions from
C _OtherStationaryComb have the highest share (41%) in 2020 but have been reduced by only -161 g
I-TEQ since 2000.

From 2000 to 2020, HCB emissions have been reduced by 96% (-3979 kg) with major reductions
between 2000 and 2002 (-76%, -3168 kg) which is mainly due to the reporting of Germany for G-NFR
sector B_Industry (-2860 kg). All countries except Latvia, Montenegro and Malta reported decreasing
emissions since the year 2000. From 2002 to 2020, HCB emissions decreased by 82% (- 811 kg) with
the largest decreases reported by Czechia (-221 kg), Spain (-169 kg), Hungary (-119 kg) and Portugal
(-101 kg). In 2020, HCB emissions from A_PublicPower have the highest share (27%, 50 kg), followed
by L_AgriOther (26%, 48 kg).

From 2000 to 2020, PCB emissions have been reduced by 59% (-4765 kg) with major reductions in
sector B_industry (-3364 kg) and J_Waste (-954 kg). All countries except Albania, Greece, Lithuania
and Norway reported decreasing emissions since the year 2000.
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From 2000 to 2020, PAH emissions have been reduced by 16% (-149 t) with major reductions in
sector B_Industry (-73 t) and C_OtherStationaryComb (-44 t). The decreasing trend 2017 to 2019 (-
104 t) is dominated by Poland (-67 t) in sector C_OtherStationaryComb.
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Fig. 1.3. Emission trends of POPs 2000-2020 in the EMEP West area (reported data).

EMEP East area — POPs

Reporting of POPs in the EMEP East region is quite incomplete and shows high peaks and inconsistent
time series. The Russian Federation reported some POPs for the year 2000 only, and Turkey did not
report any POPs at all. Belarus did not report PAH for the years 2000 and 2001. Ukraine reported
very high levels of POPs for 2010 to 2013 (constant values) and data from 2017 to 2020. Azerbaijan
reported data for the years 2000-2017 and comparatively high values of PCDD/F for 2007 to 2014.
Georgia reported complete time series but comparatively high values of HCB for 2014-2017 and 2020
and unreasonable high levels of PCBs for 2000-2020 in G-NFR sector B_Industry. Kazakhstan reported
complete time series but comparatively high values of PAH, especially for 2019 and 2020. Kyrgyzstan
reported incomplete data for 2010-2012 and complete data for 2016 and 2017. Armenia reported
incomplete data for 2007 and 2014 and complete data for 2018 to 2020.

Figure 1.4. shows POPs emissions trends from 2002 to 2018 for EMEP East without Russian
Federation, Ukraine and without HCB from Kazakhstan and Georgia.

The trend and absolut values of PCDD/F emissions are dominated by reporting of Kazakhstan and for
2009 to 2014 also by Azerbaijan. The trend and absolut values of B(a)P emissions are dominated by
Kazakhstan and Belarus. The strong increase in 2019 is also due to reporting of Kazakhstan. The
increase of HCB emissions in 2009 is due to the reporting of Azerbaijan and Kazakhstan, and the
trend from 2016 to 2020 is dominated by repoting of Belarus.
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Fig. 1.4. Emission trends of POPs 2002-2020 in the EMEP East area (reported data) without
without Russian Federation, Ukraine and without HCB from Kazakhstan and Georgia.

EMEP West area - priority heavy metals

Priority heavy metals of the EMEP West area show a rather smooth downtrend and a dip in the year
2009, which reflects the economic recession leading to lower industrial production in that year (Fig.
1.5). The strong decrease of Pb emissions from 2000 to 2002 is mainly due to lower emissions in the
transport sector in Italy and Spain. The decreasing Hg emissions trend 2018 to 2020 (-17%) is mainly
due to lower emissions reported by Germany (-24%), Spain (-36%), Poland (-13%) and ltaly (-16%).
The continuous decrease of Hg emissions since the year 2010 is mainly due to decreases reported by
France, Germany, Italy and the United Kingdom.
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Fig. 1.5. Emission trends of priority heavy metals 2000-2020 in the EMEP West area
(reported data).

The decreasing Pb emissions trend 2018 to 2020 (-19%) is mainly due to lower emissions reported by
Bulgaria (-88%), Poland (-14%), Italy (-15%) and Serbia (-38%). The decrease in 2019 The decreasing
Cd emissions trend 2018 to 2020 (-8%) is mainly due to lower emissions reported by Germany (-9%),
Spain (-16%), Poland(-6%) and the Netherlands (-21%).
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Table 1.2 and Figure 1.5 show reported data and trends for priority heavy metals 2000 to 2020 in the
EMEP West area.

Table 1.2. Priority heavy metals 2000-2020 in the EMEP West area.

Cd, t Hg, t Pb, t
2000 116 106 4360
2001 110 99 3291
2002 109 99 2743
2003 103 96 2 606
2004 101 91 2377
2005 96 89 2201
2006 94 86 2147
2007 89 82 2081
2008 85 77 2072
2009 76 66 1602
2010 77 68 1732
2011 76 68 1378
2012 72 65 1322
2013 70 61 1345
2014 69 60 1280
2015 69 57 1250
2016 69 54 1190
2017 68 54 1231
2018 67 53 1292
2019 65 48 1181
2020 61 44 1041
Trend 2000 to 2019 -47% -59% -76%
Change 2000 to 2019 -54 -63 -3319

EMEP East area - priority heavy metals

Unlike EMEP West, priority heavy metals of the EMEP East area show an unstable trend from 2000 to
2007, which is mainly due to incomplete reporting (Fig 1.6). The dip in 2001 Pb and Cd emissions is
mainly due to a gap in reporting of the Russian Federation, which reported for 2000, 2002-2006 and
2009 (jump in Cd emissions) only. Ukraine and Belarus did not report heavy metals for 2000.

Azerbaijan and Kyrgyzstan did not report data for 2018 to 2020 and Moldova did not report for 2020.
Georgia, Kazakhstan and Turkey are the only countries, which reported complete time series for all
three heavy metals since the year 2000.

The strong increase in Hg emissions from 2017 to 2020 is due unreasonable high emissions reported
by Armenia for 2018 (GNFR sector “E_Solvents”, the value is about 400 times higher than for 2017
and 2019) and due to higher emissions reported by Kazakhstan and Ukraine for 2019 an 2020 (both a
factor 5 to 7 higher than for previous years). The increase in Pb emissions 2019 is due to
unreasonable high emissions reported by Ukraine (factor of 3 higher than for previous years) and
Kazakhstan (factor of 2 higher than for previous years).
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Fig. 1.6. Emission trends of priority heavy metals 2000-2020 in the EMEP East area
(reported data).

1.1.3. Comparison of 2019 data reported in 2021 and in 2022

Emission data for 2019 reported in 2022 were compared with 2019 emissions reported in 2021. For
24 countries, data changed by more than £15 % for one or several pollutants (see Fig. 1.7 and Annex
A2). Four countries (Armenia, Belarus, Moldova, Ukraine) did not revise 2019 POPs and HMs data
and are not displayed in Fig 1.7.

Several countries reported significant recalculations for some of the pollutants (see right part of Fig.
1.7, which is displayed in logarithmic scale).

Analysis shows that some of the 2019 values reported in the 2021 submissions were comparably low
(e.g. Montenegro PAHSs) or high (e.g. Serbia PAHs) which makes revisions reasonable.

Turkey revised heavy metal emissions remarkably upwards (by factors between +13 to +89), mainly
from waste incineration.
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Fig. 1.7. Recalculations between the 2022 and 2021 submission for 2019 values (reported
data). The separate chart on the right shows countries and pollutants with recalculations >
400%, expressed as factors in logarithmic scale.
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1.1.4. Data sets for modellers in 2022

Data used by CEIP were reported by the Parties to the LRTAP Convention as sectoral emissions
(NFR19) and National Total emissions according to the UNECE guidelines for reporting emissions and
projections data under the LRTAP Convention, Annex | [UNECE, 2014].

Reported (NFR®) sector data were aggregated to 13 GNFR sectors. In several cases, no data were
submitted by the countries, or the reporting is not complete or contains errors. Before modellers can
use such emission data, missing or erroneous information has to be filled in or replaced by expert
estimates. To gap-fill missing/erroneous data, CEIP typically applies different methods. The gap-filling
procedure is fully documented every year in the technical reports which can be downloaded from the
CEIP website’. After the gap-filling, sector emissions are used for spatial distribution (mapping) to the
EMEP grids.

The Parties for which reported data were (partly) replaced are listed in Annex A3.

Contribution of individual sectors to total EMEP heavy metals and POPs
emissions

Figure 1.8 shows the contribution of each GNFR sector to the total emissions of individual air
pollutants (Cd, Hg, Pb, B(a)P, B(b)F, B(k)F, I(cd)P, PAHs, PCDD/F, HCB, PCB). To provide as complete a
picture as possible of the share of the individual sectors in total EMEP emissions, data as used for
EMEP models (i.e. gap-filled data) were used for the calculations. The analysis does not include sea
regions.
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Fig. 1.8. GNFR sector contribution to national total emissions in 2020, EMEP area without
sea regions (only percentages above 10% are labelled).

* NFR — Nomenclature for Reporting
® https://www.ceip.at/ceip-reports

22


https://www.ceip.at/ceip-reports

It is evident that the combustion of fossil fuels and processing of raw materials is responsible for a
significant part of heavy metals and POPs emissions.

Industry production emits about 39 % of Cd emissions, followed by 28% from public power and heat
plants.

The industry production sector emit about 47% of total Hg emissions, followed by energy industries,
which released 35% of total emissions, mainly from coal power plants.

About 57% of Pb emissions are released by the industry production sector, while each of the other
sectors contributes to a maximum of about 14%. Road transport (leaded gasoline) only contributes
14%.

The largest source of PAHs and its compounds (B(a)P, B(b)F, B(k)F, I(cd)P) is the ‘other stationary
combustion’ sector, which contributes 76% of total PAH emissions. The main source of PAH
emissions are coal and wood stoves/boilers in households. About 12% of PAH emissions are related
to the industry production sector.

With 47% of total emissions, the ‘other stationary combustion’ sector contributes most to PCDD/F
emissions. The main source of PCDD/F emissions are coal and wood stoves/boilers in households.
Industry production plants (metal industries) contribute 23% of total PCDD/F emissions and the
waste sector (mainly waste incineration) contributes about 22%.

With 28% of total emissions, ‘Other stationary combustion’ contributes most to HCB emissions,
followed by followed by public electricity and heat production with a share of 24% and industry
production with a share of 22%. Another large source of HCB emissions is the agriculture sector with
a share of 22%. The largest contributors of HCB to the agriculture sector in the EMEP West area are
France (31%) the UK (27 %) and Spain (23%). However, the Ukraine (29 %) and Kazakhstan (20%) are
the largest contributors to the agriculture sector in the total EMEP area.

The dominating sector for PCB emissions is the industrial sector, which contributes 83% to total
emissions.

Figure 1.9 illustrates the sector contribution for the EMEP West region and the EMEP East region.
North Africa is included in the EMEP East region. The comparison of both graphs highlights some
significant differences between West and East.

The continuous revision of inventory data for many countries shows that POPs emissions have the
highest uncertainties of all pollutant groups. In addition, data for MSC-E is subject to incomplete
reporting or delays in reporting. Especially for POPs, one should therefore draw conclusions carefully
when comparing the shares between MSC-E and MSC-W.
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Fig. 1.9. GNFR sector contribution to national total emissions in 2020 for the EMEP West
and EMEP East areas (Only percentages above 10% are labelled. ‘Remaining Asian Areas’ are
included in the EMEP East region and North Africa is included in the EMEP West region).

Reporting of gridded data

After the first round of submissions in 2017, 2021 was the second year for which EMEP countries
were obliged to report gridded emissions in the grid resolution of 0.1°x0.1° (long/lat). 34 of the 48
countries which are considered as a part of the EMEP area reported sectoral gridded heavy metal
and POP emissions in the new resolution until June 2022. In 2022 four countries provided new

information about their gridded emissions.

The majority of gridded sectoral emissions in 0.1°x0.1° (long/lat) resolution have been reported for
the year 2015 (32 countries). For 2019 gridded sectoral emissions have been reported by 28
countries, for 2016 and 2017 by five countries and for 2018 and 2020 by four countries. Compared to
the 2017 reporting, gridded data are available for 11 additional countries in 2022.

Reported gridded sectoral data in 0.1°x0.1° (long/lat) resolution, which can be used for the
preparation of gridded emissions for modellers, covers less than 50% of the grid cells of all reporting
parties. For the remaining areas missing emissions are gap-filled and spatially distributed using
expert estimates. Reported grid data can be downloaded from the CEIP website®. An overview of
gridded data in 0.1°x0.1° (long/lat) resolution reported in 2017, 2020, 2021 and 2022 is provided in
Table 1.3.

® https://www.ceip.at/status-of-reporting-and-review-results/2022-submission
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Table 1.3. Gridded emissions reported until 2017, 2020, 2021 and 2022.

Country

Gridded data
available for the

Gridded data
available for the

Gridded data
available for the

Gridded data
available for the

Comments

years... years... years... years...
Austria 2015 2015 2000, 2005, 2010, 2000, 2005, 2010,
2015, 2019 2015, 2019
Belgium 2015 2015 2015, 2019 2015, 2019
Bulgaria 2015 2015 2015, 2019 2015, 2019
Croatia 1990, 1995, 2000, 1990, 1995, 2000, 1990, 1995, 2000, 1990, 1995, 2000,
2005, 2010, 2015 2005, 2010, 2015 2005, 2010, 2015, 2005, 2010, 2015,
2019 2019
Cyprus 1990, 1995, 2000, 1990, 1995, 2000,
2005, 2010, 2015, 2005, 2010, 2015,
2019 2019
Czechia 2015 2015 2015, 2019 2015, 2019
Denmark 2015 2015 2015, 2019 2015, 2019
Estonia 1990, 1995, 2000, 1990, 1995, 2000, 1990, 1995, 2000,
2005, 2010, 2015 2005, 2010, 2015, 2005, 2010, 2015,
2019 2019
Finland 2014, 2015 2014 2015"), 1990, 1995, 2000, 1990, 1995,2000, " Gridded data for
2016, 2017, 2018(3) 2005, 2010, 2015, 2005, 2010, 2015, 2014, 2015 and
2016, 2017, 2019 2016, 2017, 2019, 2018 could not be
2020 used for the
preparation of
spatial distributed
emission data in
2020
France 2015 2015, 2019 2015, 2019
North 2015 2015, 2019" 2015, 2019 ®'The submission
Macedonia of gridded
emissions was too
late to be
considered for the
preparation of
gridded data for
modelers in 2021
Georgia 2015 2015 2015
Germany 1990, 1995, 2000, 1990, 1995, 2000,
2005, 2010, 2015, 2005, 2010, 2015,
2019 2019
Greece 2015 2015, 2019 2015, 2019
Hungary 2015 2015 2015 2015 The submission
of gridded
emissions was too
late to be
considered for the
preparation of
gridded data for
modelers in 2017
Ireland 2015 2015 2015, 2019 2015, 2019 ““The submission
of gridded
emissions was too
late to be
considered for the
preparation of
gridded data for
modelers in 2021




Italy

2015

2015

2015

) Reported
gridded data was
replaced by
Copernicus
Atmospheric
Monitoring Service
(CAMS) and EDGAR
proxies

Latvia

2015

2015

2015, 2019

2015, 2019

Lithuania

2015"

2015

2015, 2019

2015, 2019

0 Reported gridded
emissions only on
national total level,
which could not be
used for the
gridding, which is
done on sectoral
level

) The submission
of gridded
emissions was too
late to be
considered for the
preparation of
gridded data for
modelers in 2021

Luxembourg

2015

2015

2015, 2019

2015, 2019

Malta

2016

2016

2016

Grid reporting not
in the defined
0.1°x0.1°
coordinates

Monaco

2014, 2015

2014-2016

2014-2019

2014 - 2020

Netherlands

1990, 1995, 2000,
2005, 2010, 2015

1990, 1995, 2000,
2005, 2010, 2015,
2019

1990, 1995, 2000,
2005, 2010, 2015,
2019

Norway 1990, 1995, 2000, 1990, 1995, 2000, 1990, 1995, 2000, 1990, 1995, 2000,
2005, 2010, 2015 2005, 2010, 2015 2005, 2010, 2015, 2005, 2010, 2015,
2019 2019
Poland 2014, 2015 2014, 2015, 2018 2014, 2015, 2018, 2014, 2015, 2018,
2019 2019
Portugal 2015 2015 2015, 2019 2015, 2019 The spatial
disaggregation of
sector ‘F — Road
Transport’ was
replaced by CAMS
proxies
Romania 2005 2005, 2015 2005, 2015 2005, 2015
Serbia 2020
Slovakia 2015 2015 2015, 2019 2015, 2019
Slovenia 2015 2015 2015, 2019 2015, 2019
Spain 1990-2015 1990-2018 1990-2019 1990-2019 The spatial
disaggregation of
sector ‘F — Road
Transport’ was
replaced by CAMS
proxies
Sweden 1990, 2000, 2005, 1990, 2000, 2005, 1990, 2000, 2005,
2010, 2015 2010, 2015, 2019 2010, 2015, 2019
Switzerland 1980-2015 1980-2018 1980-2019 1980-2020
United 2010, 2015 2010, 2015 2010, 2015, 2019 2010, 2015, 2019

Kingdom




Gridded data of 2020 in resolution 0.1°x 0.1° (long/lat)

For this year, it was agreed with the modellers to perform gap-filling and gridding for the year 2020
in 0.1° x 0.1° longitude/latitude resolution on GNFR sector level.

The 0.1° x 0.1° GNFR grids of heavy metals (Cd, Hg, Pb) and POPs (B(a)P, B(b)F, B(k)F, I(cd)P, PCDD/Fs,
HCB) were spatially distributed based on the gridding system developed by CEIP. A map of total Pb
emissions in 2020 is shown in Figure 1.10 as an example. The system is module based and uses as a
first step reported gridded emission data for each country and sector where it is available and usable.
If no reported gridded data in the 0.1° x 0.1° (long/lat) resolution is available, Global Unintentional
POPs Emissions data from the Emission Database for Global Atmospheric Research (EDGAR v6.0) is
used as a proxy for spatial disaggregation of POP emissions. In case of HM emissions reported
gridded PM data is used as a proxy for spatial disaggregation if no reported gridded data in the 0.1° x
0.1° (long/lat) resolution is available. If reported PM data or POP data from EDGAR v6.0 is not
available either, PM data from the Copernicus Atmospheric Monitoring Service (CAMS-81, CAMS-
REG-AP) and EDGAR 5.0 is used as a proxy.

Reported gridded data in 0.1° x 0.1° (long/lat) resolution was used from Austria, Belgium, Bulgaria,
Croatia, Cyprus, Czechia, Denmark, Estonia, Finland, France, Georgia, Germany, Greece, Hungary,
Ireland, Latvia, Luxembourg, Malta, Monaco, Netherlands, North Macedonia, Norway, Poland,
Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland and the United Kingdom.

Pb - National Total - 2020

i
0 475 950 |- 1900 ., 2850 '3 EOUI e ‘ Iy, I
i t w4

CEIP-2022

Fig. 1.10. Visualized gap-filled and gridded Pb emissions in 0.1°x0.1° long-lat resolution.

27



Significant changes in data set for modellers between 2022 and 2021

Compared are national totals of gap-filled data used in models in the year 2022 with national totals
of gap filled-data used in 2021 (for more details see Annex A.2).

Table 1.4. shows countries and substances for which gap-filled data changed by more than + 15%.
Cases, where PAH has been calculated by adding up the four individual (reported) compounds are
not listed.

Table 1.4. Changes in gap-filled data larger than * 15%.

Country Pollutant Change Comment’

Albania PAH 679% Mainly reported data with exceptions:
Gap-filling of missing compounds. Replacement of
C_OtherStationaryComb data (unreasonable low quantities) with
(higher) 2018 reported data.
(2021: sum of reported sector data)

Bosnia and I(cd)P 283% TNO data 2010 has been used for gapfilling (2021: Extrapolation of
Herzegovina PAH 140% TNO data)
PCDD/F 54%
Kazakhstan PAH 166% Reported sector data with sum correction of reported
PAH/compounds (same methodology for both years).
PCDD/F 43% Reported data (2021: Extrapolation of TNO data)
Spain PAH -16% Reported sector data. 2022: estimation of PAH compunds in iron and
steel industries.
Turkey Cd 24% Reported sector data. 2022: Corrections for waste incineration.
Hg 55% Both years: Reported sector data and additional gap filling of non-

reported sector “A_PublicPower” with Poland data, which has quite
comparable coal consumption.

2022: corrections for waste incineration (IR inventory report
information looks more confident than reported data).

Turkmenistan I(cd)P -87% Error correction of TNO data extrapolation for I(cd)P.
PAH -30%
Ukraine PCDD/F -71% Expert guess: 30% of ‘National Implementation Plan of UA for the

Stockholm Convention on POPs 2002’
(2021: National Implementation Plan of UA for the Stockholm
Convention on POPs 2002, extrapolated using population data)

Serbia PAH 60% Reported sector data from late resubmission 2022 (2021: omittance
of agriculture data which is not reported in 2022).

Iceland PAH -30% Reported sector data with correction of PAH (sum of compounds).

Poland PAH 22% Reported sector data with additional gapfilling of PAH compounds for

iron and steel and product use (2021: sum of reported but inconsistent
sector data)

Portugal PAH 59% Reported sector data with additional gapfilling of PAH compounds for
industry production and shipping (2021: sum of reported but
inconsistent sector data)

Slovakia PAH 32% Reported data with additional gapfilling of PAH compounds for
industry production and product use (2021: sum of reported but
inconsistent sector data)

7 ‘New reported’ means, that 2019 data has been gap-filled and 2020 data has been reported.
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Chapter 2. MEASUREMENTS OF HEAVY METALS AND POPs

2.1. Monitoring of POPs and heavy metals in 2020

Heavy metals and persistent organic pollutants (POPs) were included in the EMEP’s monitoring
program in 1999. However, earlier data have been reported and are available. The EMEP database,
especially for heavy metals, thus also includes older data, even back to 1976 for a few sites. A
number of countries have been reporting heavy metals and POPs within the EMEP area in connection
with different national and international programmes such as HELCOM, AMAP and OSPAR.

The EMEP monitoring strategy [UNECE, 2019] defines the monitoring obligations for the Parties. For
POPs, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
hexachlorobenzene (HCB), chlordanes (CHLs), lindane/y-hexachlorohexane (y-HCH), a-HCH, and
DDT/DDE are part of the compulsory monitoring programme, while for heavy metals, Hg, Cd and Pb
are 1% priority elements while Cu, Zn, As, Cr, Ni are 2" priority. In addition to these compounds
several Parties report other POPs and trace elements. In addition to the regulated POPs, it is
recommended to increase the attention on organic contaminants of emerging concern (CECs). A
specific chapter is devoted to this topic.

All the data are available from the EBAS database (http://ebas.nilu.no/), and more detailed
information about the sites and the measurement methods, these are found in the EMEP/CCC’s data

report on heavy metals and POPs [Aas et al., 2022].

Monitoring of heavy metals in 2020

In 2020, there were 40 sites measuring heavy metals in both aerosols and precipitation, and
altogether there were 67 measurement sites (Fig. 2.1). 27 sites were measuring mercury in either air
and precipitation, 17 of these with co-current measurements in air and precipitation. In total, 21
Parties to the Convention reports heavy metal data to EMEP.

Annual averages As, Cd, Cr, Cu, Ni, Pb and Zn concentrations in aerosols/air and precipitation in 2020
are presented in Figure 2.2., 2.3. There are more sites with precipitation in Northern Europe
compared to aerosols, while the opposite for southern Europe. The sites in the United Kingdom have
miss several months of precipitation measurements and are not included in the maps.

The highest concentrations vary depending on component and matrix, though elevated
concentrations are especially for the aerosol components seen along the coast and especially around
the English Channel. Cr has in addition to anthropogenic sources high concentrations in crustal
material and that can be the reason for higher concentration of Cr in southern Europe. The
concentration fields in precipitation are more scattered, but with higher levels generally seen
towards Eastern Europe. For mercury, the highest concentration is seen in Poland while Spain
showing extremely low concentrations of mercury in air (0.4 ng/m®) indicating problems with the
measurements.
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Fig. 2.2. Annual mean concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn in aerosols and Hg in

air in 2020, unit ng/m3.
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Fig. 2.3. Annual mean concentrations of As, Cd, Cr, Cu, Ni, Pb, Zn (Rg/L) and Hg (ng/L) in
precipitation in 2020.

Monitoring of POPs in 2020

The spatial coverage of POP monitoring in Europe is depending on which components in question.
Concentration maps of selected POPs are shown in Figure 2.4. In total there are 39 sites reporting
2020 data on POPs whereof 25 sites with measurements in both air and precipitation. Data are
available from 17 Parties. One should further notice that several of the Parties only measure PAHs
(i.e. 9 Parties and 26 sites). For precipitation measurements, it is a challenge to compare the
observations since the measurements are done using several different methods. There are four
different matrixes defined for precipitation, i.e. total deposition (precip+dry_dep: 7 sites + 5 Spanish
sites with campaign data), concentration in precipitation (precip: 12 sites); concentration in
precipitation + POPs deposited in the funnel (precip_tot: 5 sites) and wet deposition (wet dep: 2

sites).
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POP sites 2020

Fig. 2.4. Sites reporting POPs and the different data for 2020 reported to EMEP.

HCB trends

Hexachlorobenzene (HCB) has been monitored in air under the EMEP program since 1993. Despite
being among the first POPs that were initially regulated, HCB has recently received attention because
of tendencies towards very slow or even increasing concentrations in air at several EMEP sites [Hung
et al., 2010; Hung et al., 2016; Tgrseth et al., 2012; Wong et al., 2021]. The reason(s) for this remain
poorly understood. In this year’s report, we therefore present an update on the long-term and
seasonal temporal and spatial trends of HCB and discuss the potential factors which may have
dictated the observations.

Sources, fate properties and known sampling artefacts

HCB has miscellaneous primary emissions sources to the environment. It has been produced and
used as a pesticide and for chemical manufacturing, and it is also emitted from various combustion
sources and from biomass burning [Bailey, 2001; Barber et al., 2005]. Emissions from agriculture is
likely to have been a major source historically, but the use as fungicide declined significantly in
Europe since the 1970s and up to the mid-1990s [Pacyna et al., 2001]. It has furthermore been
suggested that HCB may be emitted in significant amounts into air by volatilization from secondary
sources as contaminated in the past, such as soils [Bailey, 2001; Barber et al., 2005]. The process of
re-volatilization from contaminated surface reservoirs will be affected by temperature. It has been
suggested that the significance of secondary emissions, relative to primary emissions in controlling
atmospheric burdens, might have increased as result of climate change and reduced ice coverage in
the Arctic [Hung et al., 2010].

Compared to many other POPs, HCB also has a considerable atmospheric lifetime in the atmosphere.
Brubaker and Hites measured the rate constant in air for reaction with OH radicals and estimated the
atmospheric lifetime to be ~930 days (about 2 and a half years) using a global average OH
concentration [Brubaker and Hites, 1998]. This, in combination with a high volatility compared to
many other POPs, leads to a significant potential for long-range atmospheric transport. The fate
properties of HCB combined are anticipated to result in a limited spatial variability in background air.
One would therefore expect relatively homogenous concentrations to be observed when comparing
the spatial variability across EMEP background sites, for example in comparison to PAHs (Fig. 2.5).
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Fig. 2.5. Annual mean concentrations of various PAHs (benzo[a]pyrene, Pyrene,
Fluoranthene), (ng/m?3), HCHs HCB, PCBs (28,153,180), BDE-47, PFOA and pp-DDT in air and
aerosols (pg/m?3), in 2020.

However, a direct comparison between measurements obtained from various EMEP sites is difficult
because of differences in sampling strategies. For example, it is well established that HCB may be
subject to breakthrough using polyurethane (PUF) as sorbent [e.g. Melymuk et al., 2014].
Breakthrough is of particular concern when temperatures and/or sampling volumes are high,
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inevitably resulting concentrations being lower than they really are. The causes and implications for
interpretation of HCB measurements from the EMEP program was earlier discussed in EMEP Status
Report 3/2017 [Gusev et al., 2017]. We note that a recent comprehensive review of long-term trends
of concentrations of POPs (including HCB) and other organic contaminants in Arctic air, suggests that
measurements based on PUF alone may be considered as semi-quantitative and biased low [Wong et
al., 2021].

It is thus conceivable that spatial and temporally variability in emissions, along with differences in
sampling and analytical methodologies may lead to spatial and temporally variability in measured
concentrations, whereas the long atmospheric lifetime of HCB may lead to limited spatial variability
in observed concentrations. Additionally, seasonal and long-term variabilities in atmospheric
transport patterns may have a profound influence on the observed trends.

Spatial and seasonal variability

While the spatial variability in average concentrations of HCB in air is shown in Figure 2.5, 2.6, shows
the seasonal variability of HCB concentrations at EMEP sites in 2020. Three sites stand out as having
consistently higher concentrations than the other sites throughout the year (Fig. 2.6). These are
Kosetice (CZ03 in blue), the Villum research station at Station Nord on Greenland (DK10 in orange)
and Zeppelin (NO42 in green). These stations thereby also have the highest annual mean
concentrations in air with 66, 66 and 55 pg/m°, respectively (Fig. 2.5).
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Fig. 2.6. Monthly mean concentrations of HCB at EMEP sites in 2020.

High concentrations in air at Kosetice is expected, given its location in central parts of Europe and
proximity to potential source regions. On the other hand, Station Nord and Zeppelin are stations
located in the high Arctic (north Greenland and Spitzbergen, respectively), and thereby distant to
possible source regions in Europe. In the case of Station Nord, the potential for underestimated
concentration in air is of lesser concern because samples are collected on a PUF-XAD-PUF sandwich
kept at constant temperature [Bossi et al., 2016; Wong et al., 2021], rather than using PUF alone.
Against this background, it is likely that the concentrations measured at Station Nord offer the more
realistic representation of background concentrations of HCB in Arctic air, compared to the data from
Zeppelin, Spitzbergen. The data from Zeppelin are discussed further below. Concentrations of HCB in
air at Birkenes (NOOOO2R) are consistently lower than the three sites earlier mentioned and
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throughout the year, albeit higher than the remaining sites. Concentrations of HCB in air also show a
clear seasonal variability with concentrations being about twice as high during winter as during
summer. In this case, breakthrough may represent one explanation for the seasonal variability.
However, seasonal variability in transport and/or primary/secondary emissions may also have
impacted seasonal time trends. A similar reasoning applies for the monitoring data from Andgya
(NOO09). Yet, little is known about the seasonal variability of primary emissions. However, the impact
of secondary emissions is prone to vary seasonally with higher emissions during summer. It is thus
notable that the monthly data from Station Nord indicate that concentrations are the highest in early
winter, rather than the summer. The Arctic haze period is typically late winter and early spring.
Regrettably, data from this period are lacking in the data from Station Nord 2022.

Long-term time trends of HCB concentrations in air

A main motivation to look closer into HCB in this report is the divergent long-term time trends in air.
Figure 2.7 shows the long-term temporal trends at EMEP sites for which long-term monitoring data
are available. These are evaluated using the Digital Filtration Technique (DF), which is a statistical
approach which highlights seasonal cycles and inter-annual trends in observations (Hung et al.,
2005). The concentrations are presented in natural log of concentrations (In C) on the y-axis, and the
results are indicated with arrows in Fig.2.7. Apparent first order half-lives (ty;,, years) for HCB at the
six EMEP sites with long-term monitoring in air are given in for six EMEP sites with long-term trends
and for the entire monitoring periods, whereas apparent first order half-lives at Birkenes and
Zeppelin are further broken down into three different time periods in Table 2.1.

When it comes to the estimated first order half-lives across the entire monitoring time periods in
Table 2.1, there is a downwards trend for most sites except for Kosetice with an extremely low
increase (CZ03), and a very slow decline for Zeppelin (NO42). However, none of these trends are
statistically significant and thus difficult to determine. Lack of statistical significance is not an issue
for the other four sites with half-lives ranging from ~10 years for the German stations (Zingst and
Westerland), 21 years for Station Nord, and 39 years for Birkenes.

Table 2.1. Apparent first order half-lives (t1/2, years) for HCB at the six EMEP sites with
long-term monitoring in air.

Station code Station name ti r
Cczo3 Kosetice -342 0.001*
DEO9 Zingst 9.5 0.55
DEO1 Westerland 9.8 0.75
NOO02 Birkenes 39 0.45
DK10 Station Nord 21 0.24
NO42 Zeppelin 157 0.04*

*No significant trend can be determined.

As can be readily observed in Fig 2.7, there are sites for which the long-term trends for certain
periods have both increased and decreased during the entire monitoring periods. This is further
shown based on data from Birkenes (NO02) and Zeppelin (NO42) in Table 2.2.
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Table 2.2. Apparent first order half-lives (t1/2, years) for HCB at Birkenes and Zeppelin
covering four time periods.

NO02 Birkenes 39 0.45 13 0.36 25 0.63 7.4 0.99

NO42 Zeppelin 157 0.04* 10 0.87 516 0.003* 6.3 0.98

As a general observation we see from Fig. 2.7 that there are sites which often show a seasonal
variability with summer maximum and a winter minimum. This applies to Station Nord (DK10) and
Zeppelin (NO42). There are also stations which alternate between a summer minimum and winter
maximum and the other way around. A prime example is Kosetice (CZ03). And then there are sites
which tend to show a minimum concentration during summer and a maximum during winter (Zingst,
DEQ9; Westerland, DEO1 and Birkenes, NO02). As there are several reasons why differences in
seasonal patterns are observed across sites as noted in the introduction to this chapter, it is
premature to offer any unequivocal mechanistic explanations for the various seasonal trends
depicted in Fig. 2.7. However, a transport-based analysis was recently carried out for the time-period
with the highest concentrations in recent years [Platt et al., 2022].
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Fig. 2.7. Temporal trends of HCB in air at six EMEP sites. The concentrations are presented
in natural log of concentrations (In C) on the y-axis. The results of trend analyses are
indicated with arrows.

Zeppelin is the site for which HCB has been monitored for the longest time-period [Ta@rseth et al.
2012]. The temporal trend from this site shows a particularly interesting trend whereby the lowest
concentrations were measured around 2002, and in recent years. At Zeppelin, the concentrations
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increased from 2002 and declined from 2016 onwards. This pattern would not be anticipated if
primary emissions of HCB were steadily declining over the time-period considered and reflected in
the measurements. Nor would one expect such a pattern in inter-annual trends under a scenario for
which secondary emissions are steadily increasing as result of warmer temperatures and/or reduced
ice coverage and dominating the overall time trend for almost 30 years. Additional hypotheses put
forward earlier to explain the lack of decreasing trends are that HCB is a combustion by-product and
used in the manufacturing of chlorinated solvents and other chemicals. None of these factors alone
are likely to explain the observed pattern at Zeppelin over the last two decades, nor where the main
source regions are located. Against this background, Platt et al. used the FLEXPART model to
investigate seasonal variability in transport patterns to estimate so-called footprint emission
sensitivities during periods with high and low concentrations of HCB in air at Zeppelin during the
Arctic haze period from 2014 to 2017 [Platt et al., 2022]. This transport analysis also investigated
when HCB was significantly elevated compared to other years. The modelling results highlighted that
Arctic haze periods are typically associated with transport of air masses from Asia, whereas
atmospheric transport from large ice-free ocean areas is associated with low concentrations. The
latter contradicts the hypothesis of enhanced secondary emissions of HCB from seawater having a
significant impact on atmospheric burdens at Zeppelin for the years investigated. Further research
will be required to better understand why concentrations at Zeppelin have been declining over the
last few years.

2.2. Supplementary measurements

EMEP monitoring data are involved in the assessment of heavy metal and POP pollution levels as well
as evaluation of the modelling results. These data characterize pollution levels typical for rural or
remote locations that are not affected by major emission sources. However, these measurements
are mainly carried out in the northern, central, southern and western parts of Europe, whereas the
eastern and south-eastern parts of the EMEP region remain uncovered with the EMEP measurement
network. In order to extend the abilities of the pollution level assessment, EMEP monitoring data
were complemented with measurements of air concentrations from European Environmental Agency
(EEA) data base AQ e-reporting (https://www.eea.europa.eu/data-and-maps/data/agereporting-9).

This database contains measurement information on large spectrum of atmospheric pollutants,
including heavy metals and POPs, observed at the national monitoring stations of the EU countries.

The EU national monitoring networks are represented by stations of different types. From viewpoint
of the predominant sources industrial, traffic and background stations are distinguished. Background
type of station indicates that it is not possible to identify a predominant type of emission source. In
order to characterize location of the station, rural, urban and sub-urban types are considered.
Therefore, the EEA measurements are also useful for evaluation of heavy metal and POP levels in
more polluted and densely populated regions compared to the EMEP monitoring data.

Monitoring data on PAHs from this EEA data base were used for the analysis of pollution in the EMEP
region. In particular, amount of population exposed by PAH concentrations exceeding various
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threshold limits was estimated (See section 3.5.2).
Fig. 2.8 demonstrates example of B(a)P annual
mean concentrations in air in 2020. The data on
B(a)P concentrations is available from more than
800 stations. The highest levels are noted for
Poland, where B(a)P annual mean concentrations
exceed 0.6 ng/m3 at most of the stations. Other
regions of relatively high B(a)P levels are the
northern part of Italy, Hungary, Bulgaria, Croatia
and Slovenia. Relatively low levels are noted for
Denmark, the Netherlands, Belgium, Switzerland,
and a number of regions of Spain, France, Italy,
Finland and Norway.
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Chapter 3. STATUS OF HEAVY METAL AND POP POLLUTION IN 2020

3.1. Meteorological conditions of 2020

Meteorological conditions is one of the key factors governing atmospheric transport and deposition
of heavy metals and POPs in the EMEP region. Dispersion of the pollutants is affected by wind
patterns and atmospheric stability. Deposition fluxes depend on atmospheric precipitation and
processes in the surface boundary layer. Chemical reactions in the atmosphere are influenced by air
temperature and humidity. Re-suspension of dust particles is determined by soil moisture and near-
surface wind velocity.

Meteorological conditions of a particular year differ from those of the other years due to inter-
annual variability and long-term climatic changes. Meteorological conditions of the considered year
(2020) are compared with those of the previous year (2019) and with climatic norms. Comparison of
meteorological conditions is important for interpretation of changes between pollution levels
simulated for these years.

Anomalies of air temperature and annual precipitation sums were considered for the comparison of
meteorological conditions of the current year with climatic norms. An anomaly is a difference
between the value in the current year and the climatic norm. Positive value of the anomaly means
that temperature or precipitation sum in this year is higher than the climatic norm, and vice versa.
Climatic norm is considered as the average for the period from 1981 to 2010 [Blunden and Boyer,
2021].

The year 2020 was one of the warmest since the beginning of meteorological records [Blunden and
Boyer, 2021]. The global mean surface air temperature was 0.6°C higher than the climatic mean
calculated for 1981-2010 period. In Europe this year was the warmest for the period since 1900 with
anomaly +1.9°C [Blunden and Boyer, 2021]. In 2020 anomalies of annual mean air temperature
exceeding 1°C occurred almost over whole Europe except for Iceland, Ireland and the northern part
of the United Kingdom (Fig. 3.1a). The highest positive anomaly exceeding 5°C took place over the
northern part of Russian Siberia. Small negative anomaly (0 - -1°C) was observed over Ireland and the
north-eastern part of the Atlantic. In the eastern part of the EMEP domain positive anomalies were
observed over Russia and the northern part of Kazakhstan, while over other countries of Central Asia
negative anomalies reaching -2.5°C predominated. The temperature anomalies demonstrate distinct
seasonal variability [Blunden and Boyer, 2021]. Winter (December 2019 — February 2020) was
characterized by high positive anomalies (1 — 5° C) taken place over entire Europe and Central Asia. In
spring relatively low (0 - 2°C) anomalies were observed in Europe, while in the eastern part of the
EMEP domain high positive anomalies (2 - 6°C) remained. In summer positive anomalies did not
exceed 2°C over most part of the EMEP region. In autumn most of countries of Europe experienced
positive anomalies ranging from 1°C to 5°C, while negative anomalies reaching -3°C took place in
Central Asia.
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Fig. 3.1. Anomaly of mean annual air temperature (a) and annual precipitation sum (b) in
2020 [Blunden and Boyer, 2021].

Over the most part of Europe annual sums of precipitation in 2020 lied in the limits from 80% to
125% of the climatic norm (Fig. 3.1b). The deficit of precipitation is noted for the Black Sea region,
southern Spain, Estonia, Latvia, some areas in the Mediterranean countries, and Iceland. Besides,
precipitation sums below the norm by 20 — 40% were observed in Central Asia. Excess of the
precipitation took place in a number of areas of the eastern part of Europe, in the United Kingdom
and Scandinavia.

Winter of 2020 was substantially drier compared to climatic mean in most part of Southern Europe,
North Africa, the Caspian Sea region, Estonia, and Latvia. In Scandinavia, Poland, north of Germany
and France, over the British Isles, and north of Russia it was 25 — 150% wetter than normal. In spring
Central Europe, the British Isles, most part of Scandinavia, and the Black Sea region experienced 20%-
60% deficit of precipitation, while excess of the precipitation occurred over the Iberian Peninsula,
most part of Russia, the Balkan Peninsula and the northern part of Scandinavia. In summer strong
deficit of precipitation, reaching 20% of the climatic norm, was observed in the south of the Iberian
Peninsula and the southern part of Turkey. Precipitation sum in autumn was characterized by the
deficit in the central, western and southern parts of Europe, in southern Russia, Turkey and the Baltic
Sea region.

Precipitation sums higher than the norm were observed in Scandinavia and Poland. Precipitation in
Central Asia was substantially higher than the norm in winter and spring. In summer precipitation in
this region was moderately lower than the norm, and in autumn the significant excess took place.

Zonal circulation in the EMEP region in winter and beginning of spring of 2020 was significantly
higher than the climatic norm [HMCR, 2021]. In the rest of the year the zonal component was close
to the norm. Meridional component of the circulation did not differ much from the norm.

Annual precipitation sums in 2020 (Fig. 3.2a) were compared with those of 2019. Relative difference
between these two fields is shown in Fig. 3.2b. Compared to 2019, the increase (15% — 50%) of
precipitation took place in the western and south-western parts of Europe (western France, north-
west of the United Kingdom and Ireland, western coast of Scandinavia, most of Iberian Peninsula),
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the northern part of the Baltic Sea, large areas in the eastern and south-eastern parts of Europe, the
eastern part of Russia (within the EMEP region) and the northern part of Kazakhstan. Decrease (15%
— 50%) of the precipitation occurred in the southern parts of Scandinavia and the Baltic Sea, the
central part of Europe (Germany), most of southern Europe and the Mediterranean Sea, some parts
of eastern Europe, most part of European Russia, and in Central Asia.
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Fig. 3.2. Annual precipitation sums in 2020 (a) and relative difference between
precipitation in 2020 and 2019 (b). Positive values mean increase and negative - decrease of
precipitation in 2020 relative to 2019.

Concentrations in air of a number of pollutants, e.g., PAHs, have distinct seasonal variability with the
difference between winter maximum and summer minimum reaching an order or magnitude.
Smaller, but still substantial seasonal changes in air concentrations of heavy metals also take place.
Therefore, for the analysis of changes of pollution levels between 2019 and 2020 the changes of air
temperature in warm (April-September) and cold (January-March and October-December) seasons
are considered separately. Compared to 2019, warm season air temperature in 2020 demonstrated
relatively low change from -1°C to 1°C over major part of the EMEP domain (Fig. 3.3a). Strong
increase (> 1.5°C) of air temperature is noted for the north-eastern part of Russia (within the EMEP
domain). In Turkmenistan, Uzbekistan and the southern part of Kazakhstan the decrease of the
temperatures about 1°C - 1.5°C took place. The pattern of difference of mean air temperatures in
2020 and 2019 in cold period is similar to that for temperatures in warm period. However, the
contrast between areas of the increase and decrease of temperatures was higher (Fig. 3.3b).

Fig. 3.3. Difference of warm (a) and cold (b) season mean air temperatures in the
atmospheric boundary layer (~1 km) between 2019 and 2020.
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For the analysis of changes in atmospheric transport patterns between 2019 and 2020 source-
receptor matrices for air concentrations of a passive tracer were calculated (i.e., without taking into
account wet and dry removal and chemical reactions). Since scavenging and chemical
transformations are not taken into account, the contributions of source countries to a receptor is
governed entirely by atmospheric transport. Therefore, relative changes in contributions of the
source countries to concentrations in the receptor countries characterize the changes in the
atmospheric transport between the current and previous years.

The concentration matrices calculated for particular EMEP countries, were generalized to the
matrices for the sub-regions of the EMEP domain (Fig. 3.8). Definition of the sub-regions is given in
section 3.4.1. Analysis of contributions of sub-regions to passive tracer concentrations in 2019 and
2020 allows deriving general features of changes in the atmospheric transport patterns in the EMEP
domain as a whole (Fig. 3.4). Positive value of the change means the increase of atmospheric
transport from a source to receptor sub-regions, and vice versa. As follows from the Figure, the
relative changes of atmospheric transport to more remote sub-regions are typically higher than the
changes in the transport to neighbouring areas. For example, the highest change (about 40-50%) is
noted for atmospheric transport from Caucasus and Central Asia sub-region to Western, Central and
Northern Europe. It should be noted that in absolute terms atmospheric transport from Caucasus
and Central Asia to these sub-regions is small. Hence, even low absolute changes lead to high relative
changes. The changes in atmospheric transport between neighbouring sub-regions mostly do not
exceed 20%. Atmospheric transport from Eastern and Northern Europe decreased to all other sub-
regions.
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Fig. 3.4. Relative change of atmospheric transport from the source to receptor sub-regions
between 2019 and 2020. Positive value indicates the increase of atmospheric transport from
source to receptor sub-regions, and vice versa.

This approach can be applied to the analysis of changes in atmospheric transport patterns in
particular countries of the EMEP domain. For instance, transport to Germany from France,
Switzerland, and Spain increased, while the transport from Poland, Czechia and the countries of the
Scandinavian Peninsula decreased (Fig. 3.5a). The exchange between the United Kingdom and other
EMEP countries in 2020 slowed down compared to 2019. Atmospheric transport to Sweden, from
Germany, France and Poland increased, while the transport from Russia, Finland and the United
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Kingdom declined (Fig. 3.5b). Similar analysis can be applied to any country of the EMEP region and
could be helpful for the interpretation of the pollution level changes between 2019 and 2020.
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Fig. 3.5. Relative change (%) of atmospheric transport to Germany (a) and Sweden (b) from
main countries-contributors in 2020.

3.2. Model setup

The operational model assessment of heavy metal and POP pollution in 2020 has been performed
using the GLEMOS model, version v2.2.2. Description of the current stable version of the model is
available at the MSC-E website (http://en.msceast.org/index.php/j-stuff/glemos). New research

directions aimed at improvement of the model parameterizations, which will be included to the next
versions of the model, are discussed in Chapter 4 of the report.

Modelling of pollution levels in the EMEP countries as well as estimates of the transboundary
transport between them (source-receptor relationships) have been carried out on a regional scale
within the EMEP domain (https://www.ceip.at/the-emep-grid). Anthropogenic emission data for

modelling of all pollutants have been prepared based on the gridded emissions fields provided by
CEIP (Section 1) and complemented with additional emission parameters required for model runs
(Section 3.3). Natural and secondary Hg emissions from soil and seawater have been estimated
depending on Hg concentration in soil and the environmental parameters [Travnikov and llyin, 2009].
Data on wind re-suspension of particle-bound heavy metals (Pb and Cd) from land and sea surface
has been generated using the dust pre-processor [Gusev et al., 2006; 2007].

Meteorological information for the model simulations has been generated from the operational
analysis data of the European Centre for Medium Range Weather Forecasts [ECMWEF, 2022] using the
meteorological pre-processor based on the Weather Research and Forecast modelling system (WRF)
[Skamarock et al., 2008]. Atmospheric concentrations of chemical reactants and particulate matter,
which are required for description of Hg and POP chemistry, were derived from the GEOS-Chem
model simulations (see below).
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Boundary conditions for the regional scale simulations of all considered pollutants have been
obtained from the GLEMOS model runs on a global scale (Section 3.8). Initial conditions for the
evaluation of pollution levels of the long-living POPs (e.g. PCBs, HCB, and PCDD/Fs) in the EMEP
region have been extracted from the long-term global model spin-up based on expert estimates of
historical emissions.

Model updates

The new version (v2.2.2) of GLEMOS contains a number of updates including the new input data on
land cover and concentration of chemical reactants (O3, OH, Br, SO,, PM, s, etc.) in the atmosphere as
well as numerous technical updates. More recent and comprehensive land cover dataset was
incorporated into the model based on the Moderate Resolution Imaging Spectroradiometer (MODIS)
satellite product - The Terra and Aqua combined MODIS Land Cover Type (MCD12Q1, version 6)
[Fried! et al., 2019]. This product provides global distribution of land cover types at yearly intervals
with 500-m spatial resolution. Comparison of the previous and the new land cover datasets is given
in [/lyin et al., 2021]. The dataset of chemical reactants in the atmosphere from the MOZART (Model
for Ozone and Related chemical Tracers, version 4) model in the previous version of GLEMOS was
replaced by the 3D concentration data generated with GEOS-Chem (version 12.5.0). Detailed
description and evaluation of the new dataset is available in [Travnikov et al., 2020].

The effect of the model updates on the modelling results was evaluated in a number of sensitivity
tests. The tests show that update of the land cover information leads to some increase (5-20%) of air
concentrations of Pb, Cd, and B(a)P in Western and Northern Europe. In other parts of the domain no
significant changes or slight concentration decrease are obtained. Deposition of these pollutants
decreased by 5-20% in some areas of Central and Western Europe as well as in the eastern and
southern parts of the domain, besides, B(a)P deposition increased in Northern Europe. The variation
of land cover in the region does not affect significantly Hg® concentration in air but causes mosaic
changes (£20%) of Hg deposition in various parts of the domain. The changes do not affect noticeably
correlation and the relative bias between the modelling results with observations.

Update of the data on air concentration of chemical reactants and particular matter results in slight
general increase (5%) of Hg’ concentration over the region and similar decrease (5-10%) in Hg
deposition. An exception is increased Hg deposition in some locations of the Arctic and over the
southernmost part of the domain. The updates also caused increase (about 20%) of both air
concentration and deposition of B(a)P over the most part of Europe with some deposition decrease
in Central Asia and Turkey. The changes of air concentrations and deposition fluxes of PCDD/Fs, PCB-
153 and HCB vary in different parts of the region but mostly do not exceed +20%. The updated model
results better agree with observations in terms of relative bias in comparison with previous ones
keeping similar spatial correlation.
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3.3. Emission for modelling

Regional emissions

Model assessment of heavy metal and POP pollution in the EMEP domain was made on the basis of

gridded emission data with spatial resolution 0.1°x0.1° provided by CEIP (http://www.ceip.at).
Pollution levels of heavy metals and POPs in 2020 were evaluated using emission data, reported for
the previous year 2019. Detailed description of estimated heavy metal and POP emissions in the
EMEP countries, gap-filling methods, and expert estimates used for preparation of the emission
inventory, can be found in the CEIP Technical report 6/2021 [Poupa, 2021].

Model simulations for Pb, Cd, Hg and PAHs were based on the officially reported emission data. For
PCBs, PCDD/Fs and HCB a combination of official emission data and expert estimates was applied for
modelling. In particular, for the assessment of PCB pollution officially reported inventories were
combined with available expert estimates of emissions. Currently reported PCB emissions provide
only total amount of PCBs without specifying particular congener emissions. However, modelling of
PCBs requires definition of emissions of particular PCB congeners. Therefore, to evaluate transport
and fate of individual PCB congeners, the congener specific emission inventory by K.Breivik et al.
[2007] was used for modelling. The indicator congener PCB-153 was selected to characterize
transboundary transport and pollution by PCBs. Spatial distribution of PCB-153 emissions was
constructed on the base of gridded PCB emissions officially provided by 32 EMEP countries (namely,
Austria, Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Estonia, Finland, France, Georgia,
Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, North Macedonia, Monaco,
Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland and
the United Kingdom). For other EMEP countries, which did not report gridded emission data, gridded
population density was used for spatial allocation of emissions.

Estimates of PCDD/F emissions, officially reported by the EMEP countries, may incorporate
considerable uncertainties due to incomplete coverage of all potential sources [Breivik et al., 2004;
Fiedler, 2007; Pulles et al., 2005; 2006] that might lead to underestimation of releases to the
atmosphere. For this reason, a scenario, representing maximum level of PCDD/F emissions, was used
in the model simulations. The maximum emission scenario was prepared on the basis of the
uncertainty range reported by 15 EMEP countries in their inventory information reports (namely,
Austria, Belarus, Belgium, Croatia, Cyprus, Denmark, Estonia, Finland, France, Latvia, Poland,
Republic of Moldova, Sweden, Switzerland, and the United Kingdom). Difference between the
maximum and average estimates of PCDD/F emissions in these countries varied from a factor of 1.33
for Latvia up to a factor of 4.4 for Denmark. For other EMEP countries, which did not report
uncertainty range in their inventories, the maximum level of national PCDD/F emissions was assumed
to be 3-fold higher compared to the officially reported emissions in accordance with the expert
estimates [Pulles et al., 2006; Bogdal et al., 2014]. Thus, total PCDD/F emission in the EMEP countries
according to the maximum emission scenario exceeded reported data in the inventories by a factor
of 2.9 on average. This approach has already been applied in the model assessment [Gusev et al.,
2018].
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Fig. 3.6. Spatial distribution of Pb (a), Cd (b), Hg (c), B(a)P (d), sum of 4 PAHs (e), PCDD/Fs (f), HCB (g) and
PCB-153 (h) emissions in the EMEP region used in model simulations for 2020.

Similarly, a scenario representing maximum level of emissions to the atmosphere was prepared and
applied for HCB model simulations. The scenario was based on the data on the uncertainty range of
HCB emissions reported by 14 EMEP countries in their inventory information reports (namely,
Austria, Belarus, Belgium, Croatia, Cyprus, Denmark, Estonia, Finland, France, Latvia, Poland,
Republic of Moldova, Switzerland, and the United Kingdom). Difference between the maximum and
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average estimates of HCB emissions in these countries varied from a factor of 1.09 for Cyprus up to a
factor of 5.7 for Denmark. For other EMEP countries, which did not report uncertainty range in their
inventories, difference between the maximum and average emissions was set to a factor 2.3
(average difference based on the data for above-mentioned countries). The total HCB emissions in
the EMEP countries according to the maximum emission scenario were higher than reported data in
the inventories by a factor of 2.3 on average.

Maps illustrating spatial distributions of the pollutants, namely, Pb, Cd, Hg, B(a)P, sum of 4 PAHs,
PCDD/Fs, HCB and PCB-153 emission fluxes from anthropogenic sources in the EMEP region, used in
the model simulations for 2020, are presented in Fig. 3.6.

Along with gridded emission data, the GLEMOS modelling system requires additional information on
heavy metal and POP emissions, namely, intra-annual variations, distribution of emissions with
height and chemical speciation of Hg, PCB and PAH emissions. Necessary vertical and temporal
disaggregation of the emissions was generated using the emission pre-processing tool, developed in
MSC-E for the GLEMOS modelling system. More detailed information on the emission pre-processing
procedure is presented in the heavy metal Status Report [/lyin et al., 2018].

Global emissions

A number of pollutants, such as mercury and some POPs, are known for their ability to disperse in
the atmosphere over the global scale. In order to take into account contribution of intercontinental
transport to pollution levels in the EMEP countries and to evaluate boundary and initial conditions
required for the regional EMEP modelling, global-scale model simulations are carried out.

Global-scale modelling of Hg is based on gridded emission data produced in the framework of the
UNEP Global Mercury Assessment 2018 [AMAP/UNEP, 2019] and related to 2015. More detailed
information can be found in the EMEP Status Report 2/2021 [llyin et al., 2021]. Intercontinental
transport of PAHSs is simulated based on the inventory, developed by the research group of Peking
University [Shen et al., 2013]. Global PAH emission inventories with 0.1°x0.1° spatial resolution were
elaborated using a bottom-up approach for the period from 1960 to 2014. For the evaluation of
global-scale transport and fate of PCDD/Fs, HCB, and PCBs expert estimates of global emissions were
utilized. In particular, global gridded emissions of PCDD/Fs to the atmosphere and soil were prepared
using the national emission inventories reported by countries to the Stockholm Convention [Gusev et
al., 2014; Shatalov et al., 2014]. Model simulations of HCB global-scale transport were carried out on
the basis of experimental emission scenario of historical HCB releases during the period covering
several recent decades [Shatalov et al., 2010]. For the PCB-153 modelling, data on global emissions
were derived from the inventory of Breivik et al. [2007]. Spatial distributions of Hg and B(a)P
emissions, used in the global-scale model simulations for 2020, are shown in Fig. 3.7.
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Fig. 3.7. Spatial distribution of global annual emissions of Hg (a) and B(a)P (b) with spatial resolution 1°x1°,
used in the model simulations for 2020. Pink line depicts boundary of the EMEP region.

3.4. Levels of Heavy Metal and POP pollution

3.4.1. Pollution summary

Information on pollution levels of heavy metals and POPs was prepared on the base of monitoring
data and atmospheric modelling of transboundary transport. Emission data for 2019 were used in
the model calculations. Meteorological information and other time-dependent input data, such as
land cover and chemical reactants related to 2020. Assessment of pollution levels includes spatial
distributions of concentrations in air and deposition fluxes, source-receptor relationships for the
EMEP countries, and changes in the levels between current (2020) and previous (2019) years. More
detailed information on pollution levels of each of considered pollutant is available in Sections 3.4.2-
3.4.6.

The purpose of this section is to summarize information on pollution levels of the considered
pollutants (Pb, Cd, Hg, PAHs, PCDD/Fs, PCB-153, HCB) in 2020. Concentrations, deposition and their
changes between 2019 and 2020 are presented for six sub-regions of the EMEP domain, namely
Western Europe, Southern Europe, Northern Europe, Eastern Europe, Central Europe and Caucasus
and Central Asia (Fig. 3.8). For comparability

Regions _
spatially-mean deposition fluxes of the pollutants [ gatme ™
. . . [ Eastern Europe
in each sub-region were normalized and converted [ Northem Eurcpe

ope
0 westemn Europe

to dimensionless form. In general, the highest
pollution levels are noted for Central Europe (Fig.
3.9a). Compared to other sub-regions, this sub-
region is characterized by the highest mean
deposition fluxes of Pb, Cd, Hg and PAHs and takes
the second position for PCDD/Fs, PCB-153 and
HCB. Northern Europe and Caucasus and Central
Asia are the regions with the lowest spatially-

Fig. 3.8. Definition of sub-regions of the EMEP
region used in the report.

averaged levels of pollution.
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Fig. 3.9. Normalized mean deposition flux in 2020 (a) and relative changes of heavy metals and POP
deposition between 2020 and 2019 (b) in sub-regions of the EMEP region.

The change between modelling results (X) of the current and previous year, caused by inter-annual
meteorological variability, is calculated as a difference between the value of 2019 and 2020 related
to 2019, according to the formula:

— (X2020 - X2019)

A
X019

-100%

Positive value of the change means that pollution levels increased in 2020 compared to 2019, and
vice versa. The same approach is applied to evaluate the changes between current and previous year
to particular pollutants (sections 3.4.2 — 3.4.6).

The considered pollutants are characterized by different spatial distribution of emissions,
atmospheric properties and behavior in the environment. Pb and Cd are fully particulate species
which atmospheric properties are determined by the properties of the aerosol particles-carriers. Hg
presents in the atmosphere in various forms with wide range of atmospheric lifetime. Considered
POP species are present in the atmosphere in gaseous and particulate phases and partitioning
between these two phases depends on air temperature and properties of atmospheric aerosols.
Besides, Hg and POPs take part in gaseous exchange between the atmosphere and other
environmental compartments. Therefore, the changes in the meteorological conditions between
2019 and 2020 have different effect on the change of pollution levels of heavy metals and POPs.
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In Central Europe general reduction of deposition of all pollutants except for PCB-153 is noted (Fig.
3.9b). Most significant increase of deposition is noted for Northern Europe. The increase of
deposition of Pb, Cd, PAHs and PCDD/Fs was 9 — 14%. Western Europe is characterized by increase of
heavy metal deposition. In contrast, in Southern Europe decline of Pb and Cd levels occurred. In
Eastern Europe deposition of Pb, Cd, PCDD/Fs and PCB-153 demonstrate moderate (2% — 7%)
increase. In all sub-regions the decline of HCB deposition takes place.

More detailed information on evaluation of modelling results against measurements, source -
receptor relationships, ecosystem-dependent deposition and pollution of marginal seas is
summarized in Supplementary Data Reports for heavy metals [Strizhkina et al., 2022a] and for POPs
[Strizhkina et al., 2022b].

3.4.2. Lead

Lead is presented in the atmosphere as a component of aerosol particles. Industry sector is the main
anthropogenic emission source of lead in the EMEP region followed by road transport and domestic
heating. Lead harmfully affects brain and nervous system of humans, increases risks of high blood
pressure and kidney damage, and has adverse impact on fetus (https://www.who.int/news-

room/fact-sheets/).

Air concentrations

Annual mean concentrations of Pb in 2020 ranged from 0.3 ng/m* to more than 20 ng/m’. The
lowest levels took place in the northern part of the EMEP region (Scandinavian Peninsula, Iceland,
north of Russia) (Fig. 3.10a). The highest levels are found in the northern part of Italy, southern part
of Poland, north-western part of Germany and a number of regions in the south-eastern Europe and
Central Asia. Central Europe is characterized by the highest spatially mean concentrations (about 4.5
ng/m?) followed by Western Europe (Fig. 3.10b). The lowest spatially mean concentrations (about 0.5
ng/m?) took place in Northern Europe. Relatively low concentrations in Eastern Europe are explained
by large areas in Russia with the low levels varying from 0.3 to 1 ng/m>. However, in other parts of
Eastern Europe the concentrations are comparable with those in other regions.

Modelled annual mean concentrations of Pb in air were compared with the available EMEP
measurement data. On average the model somewhat (+12%) overestimates the observed levels. At
80% of stations the difference between modelled and observed concentrations is within a factor of
two. Spatial correlation coefficient is about 0.7 which means that the model reproduced in general
main spatial gradients of concentrations in air. It is important to take into account that for particular
countries the agreement between modelled and observed levels may differ from the average value.
More detailed information on the evaluation of modelling results against measurements is presented
in Supplementary Data Report [Strizhkina et al., 2022a].
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Fig. 3.10. Annual mean air concentrations of Pb (circles on the map show observed values in the same colour
scale) (a) and average air concentrations of Pb in EMEP sub-regions (b) in 2020. Whiskers show the range of
concentrations in particular countries of the sub-region.

Deposition fluxes

Spatial distribution of Pb deposition flux in the EMEP region in 2020 is demonstrated in Fig. 3.11a.
Deposition flux depends on a number of factors, including location of main emission sources,
precipitation amount, properties of underlying surface and contribution of re-suspension. Similar to
air concentrations, the highest deposition flux (0.8-2.0 kg/km?®/y) occurred in the regions of
significant emissions such as the southern part of Poland, north-west of Germany and north of Italy.
Relatively high levels took place in regions with high precipitation sums, e.g., upwind coasts of the
Scandinavian Mountains, north-eastern coast of Turkey, the western part of the Balkan region.
Deposition consists of wet and dry component. Wet deposition contributes three quarters to the
total one on the average. Like for air concentrations, the highest spatially mean deposition flux is

noted for Central Europe (about 0.6 kg/km?/y), and the lowest one for Northern Europe (almost 0.2
kg/km?/y) (Fig. 3.11b).
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Fig. 3.11. Annual total deposition flux of Pb (a) and mean total deposition fluxes of Pb to EMEP sub-regions
(b) in 2020. Whiskers show the range of country-average concentrations across countries in each sub-region.

Mean modelled wet deposition flux underestimates the mean flux observed at the EMEP stations by
about 23%. At about 60% of stations modelled values agree with the observed fluxes within a factor
of two. Spatial correlation coefficient is about 0.5. These statistical indicators reveal that the model
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generally reproduces the observed levels. Nevertheless, there is a tendency of some underestimation
of the observed levels, especially in Northern Europe. Results of the model evaluation are described
in Supplementary Data Report [Strizhkina et al., 2022a] in more detail.

Three groups of emission sources of the Pb deposition are considered in the model simulations. They
include EMEP anthropogenic sources, secondary sources (re-suspension) in the EMEP domain and
contribution of sources located outside the EMEP countries (non-EMEP sources).

Spatial distribution of Pb deposition from the EMEP anthropogenic emissions is correlated with the
locations of emission sources (Fig. 3.12a). However, due to the influence of meteorological factors
deposition field is smoother than the field of emissions. The highest spatial mean deposition flux
from anthropogenic sources in 2020 took place in Central Europe, and the lowest — in Northern

Europe.
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Fig. 3.12. Annual Pb deposition in 2020 from EMEP anthropogenic sources (a), secondary sources (wind re-
suspension) (b) and non-EMEP sources (c), and mean deposition fluxes from these sources to the EMEP sub-
regions (d).

Accumulation of deposition over long-term period led to increase of heavy metal concentrations in
the top soil or urban dust. Therefore, regions with high deposition from anthropogenic sources
become also sources of re-suspension (e.g., Poland, Northern Germany). Besides, significant re-
suspension occurs in regions with relatively high background concentration of Pb in soils, e.g., in the
southern part of France [Salminen, 2005]. Broad area of elevated deposition over the Atlantic is
caused by wind suspension and consequent deposition of sea spray aerosol. The contribution of re-
suspension in the EMEP countries varies from 25% in Caucasus and Central Asia sub-region to almost
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60% in Northern and Western Europe. This high contribution of re-suspension is explained by low
anthropogenic emissions of Pb in countries of the latter two sub-regions. Besides, it is important to
keep in mind that modelling of re-suspension is subject to high uncertainties.

Contribution of non-EMEP sources to Pb deposition flux in the sub-regions of the EMEP domain is
relatively low ranging from 3% in Central Europe to 23% in Southern Europe (Fig. 3.12d). Relatively
high contribution of these sources to deposition in Southern Europe is caused by the influence of
emission sources in non-EMEP countries located outside or within the EMEP domain (e.g., Algeria,
Egypt, Iran). Besides, Pb is re-suspended from the deserts of Africa and Asia located outside the
EMEP domain and is transported through the southern border of the EMEP domain.

More detailed information concerning contributions from the EMEP anthropogenic sources, wind re-
suspension and non-EMEP anthropogenic sources to Pb deposition in 2020 in the EMEP countries is
available in Supplementary Data Report [Strizhkina et al., 2022a].

Changes of the pollution levels between 2019 and 2020

This section contains description of changes between pollution levels in 2019 and 2020 because of
meteorological variability. Compared to 2019, the changes of annual mean Pb concentrations due to
meteorological variability over most of the EMEP countries varied within +50% (Fig. 3.13a). In
particular, significant increase (20-50%) took place in Western Europe, over the north of Italy, the
Baltic Sea, north-eastern part of Russia and over some regions of south-eastern part of Europe. At
the same time, substantial decrease occurred over the northern part of the United Kingdom and
Ireland, the southern part of Norway and the Mediterranean Sea. Meteorological variability resulted
in the increase of spatially averaged concentrations in all six sub-regions of the EMEP domain (Fig.

3.13b). The highest increase took place in Western Europe (about 20%), and the lowest one in
Central Europe (1%).
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Fig. 3.13. Relative changes of Pb air concentrations due to the changes in meteorological conditions over the
EMEP domain (a), and in the EMEP sub-regions (b) between 2019 and 2020.

Changes in meteorological conditions between 2019 and 2020 resulted in the decline of Pb
deposition in most of countries in Central and Southern Europe, the Mediterranean Sea and the
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western part of Central Asia (Fig. 3.14a). The increase of Pb deposition occurred in the southern and
south-western parts of Europe (e.g., west of Spain, France), in a number of regions of Eastern
Europe, Scandinavia and Central Asia. The highest increase of spatially mean deposition flux took
place in Northern Europe (almost 15%) followed by Western Europe (10%) (Fig. 3.14b) mostly
because of the increase of contribution of re-suspension that depends on meteorological conditions.
In Central Europe the deposition declined by about 5% due to reduction of contributions of all
considered groups of sources. In the Caucasus and Central Asia sub-region deposition caused by the
EMEP anthropogenic sources and non-EMEP sources declined, while the impact of re-suspension
increased. The overall change of the deposition in this sub-region was low reaching around -2%. In
most of the particular EMEP countries the changes due to meteorological variability lie within £30%.
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Fig. 3.14. Relative changes of Pb total deposition due to the changes in meteorological conditions over the
EMEP domain (a), and in the EMEP sub-regions (b) between 2019 and 2020.

Effects of changes of meteorological variability between 2019 and 2020 on changes of Pb pollution
levels varied for different parts of the EMEP region. Significant increase of deposition and air
concentrations in Western Europe is mostly caused by increased contribution of wind re-suspension.

The main changes with regard to the wind re-suspension in the Western Europe took place in winter
and spring. Compared to 2019, January and February of 2020 were characterized by stronger wind
which favoured the increase of re-suspension flux from land and sea surfaces. Besides, precipitation
in @ number of countries of the Western Europe in 2020 was significantly higher than that in 2019.
For example, precipitation amount in the Netherlands, Belgium, the United Kingdom and main part
of France in winter (February) of 2020 were 1.5 — 4 fold higher compared to that in 2019. It resulted
in the corresponding increase of total deposition flux in February by 90 - 170% in these countries. For
example, in France the increase made up 130% (Fig. 3.15). Hence, lead re-suspended to the air was
scavenged and increased deposition flux in 2020 compared to 2019.

Increase of annual mean air concentrations in 2020 compared to 2019 in Western Europe is mainly
determined by the increase of air concentrations in spring. The increase is caused by the growth of
wind re-suspension. In its turn, the re-suspension increased due to combination of drier weather
conditions and relatively strong near-surface winds. For example, in spring precipitation amount in
the Netherlands and Belgium declined by 40 — 50% relative to the corresponding period of 2019.
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Fig. 3.15. Spatial mean deposition flux and concentration in air of Pb in France in 2020 (a) and their changes
relative to 2019 (b).

Decrease of precipitation amount in Central Europe led to the decline of deposition and some
increase of air concentrations. Increase of air concentrations and deposition fluxes in Northern
Europe is explained by the effect of wind re-suspension. In particular, due to stronger winds in 2020,
especially in winter and autumn, compared to 2019 over the Baltic and North Seas, re-suspension of
sea-spay aerosol containing Pb increased and it led to the growth of Pb levels in Northern Europe.
Another factor is an increase of atmospheric transport from Central Europe. The change in Southern
Europe, Eastern Europe and Caucasus and Central Asia is relatively low lying within £8%.

Transboundary transport

Anthropogenic component of deposition to the EMEP countries is divided into two parts: deposition
caused by national sources and deposition caused by transboundary atmospheric transport from the
foreign sources of the EMEP countries. The highest spatially averaged anthropogenic flux (0.4
kg/km?/y) is noted for Poland followed by Slovakia and Bosnia and Herzegovina (Fig. 3.16a). The
lowest takes place in Iceland and Malta. In 37 countries of total 51 more than a half of anthropogenic
deposition is caused by transboundary transport, and in 27 countries the contribution of foreign
sources makes up 75%. The highest contribution of foreign sources, reaching 97 — 99%, is noted for
the countries with small territory (e.g., Liechtenstein, Monaco) or low national emissions, e.g.
Montenegro. The lowest contribution of transboundary transport (20 — 25%) is simulated for the
countries with substantial national emissions and relatively large territory, e.g., Poland, Kazakhstan,
Italy. Predominant influence of national sources is noted for Portugal, the United Kingdom and Spain
due to their location in the western part of the EMEP region. Due to predominant westerly
atmospheric transport and relative remoteness from major foreign emission sources, the emission
sources of their “eastern” neighbours have relatively small impact on Pb pollution in these countries.

Changes of deposition to each EMEP country from national and foreign sources between 2019 and
2020 are demonstrated in Fig. 3.16b. The change of anthropogenic deposition ranges within £20% in
the majority of the EMEP countries. The exception is Iceland where almost two-fold decline of
anthropogenic deposition takes place, caused by the reduction of transboundary transport to this
country from other EMEP countries. In some countries (e.g., Estonia) deposition from national
sources declined while the impact of transboundary transport increased in 2020.
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Fig. 3.16. Spatially averaged deposition flux of Pb in the EMEP countries from national and foreign sources in
2020 (a) and relative change of the deposition fluxes between 2019 and 2020 (b).

Changes of Pb pollution levels between 2019 and 2020 are caused by inter-annual meteorological
variability. The changes in Pb total deposition are within £30% limits in most of the EMEP countries.
It is important to note that the changes of meteorological conditions have both direct (e.g., changes
of precipitation, transport patterns) and indirect (changes of re-suspension fluxes) effects on the
variability of the Pb levels between 2019 and 2020.

3.4.3. Cadmium

Cadmium in the atmosphere is bound to aerosol particles. The main anthropogenic emission sectors
of Cd in the EMEP region are industry, production of electricity and residential combustion. However,
in particular countries the contributions of other sectors can also be important. Cadmium is a toxic
element known for harmful effects on the kidney, skeletal and respiratory system and is classified as
a carcinogen.
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Air concentrations

Annual modelled and observed atmospheric concentrations of Cd in 2020 ranged mainly from 0.01 to
0.2 ng/m® over the most part of the EMEP region (Fig. 3.17a). On average, the highest values were
noted for Central Europe, followed by Western Europe (Fig. 3.17b). However, Western Europe is
characterized by the widest range of concentrations. High levels of Cd up to 0.5 ng/m> occured in
particular areas of the south-western part of Germany, the southern part of Poland, the northern
part of Serbia and southeast of Sicily. These peak values are mostly explained by the high
anthropogenic emissions in these regions. The lowest Cd concentrations are modelled over Norway,
Sweden, Finland, Iceland and Russia as well as over most parts of Turkey and Central Asian countries.
Modelled data agree with the measured concentrations within a factor of two at more than 50%
measurement sites involved into the comparison. More information on agreement between

modelled and observed Cd air concentrations is given in the Supplementary Data Report [Strizhkina
etal., 2022a].

Cd average air concentrations,
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Fig. 3.17. Annual mean air concentrations of Cd (circles on the map show observed values in the same colour
scale) (a) and average air concentrations of Cd in EMEP sub-regions (b) in 2020. Whiskers show the range of
country-average concentrations across countries in each sub-region.

Deposition fluxes

Cadmium total deposition fluxes varied from 5 to 60 g/km?/y over a major part of the EMEP region in
2020 (Fig. 3.18a). The highest deposition fluxes occurred over the countries located in Central Europe
followed by Southern Europe (Fig. 3.18b) and also over the central part of European Russia as well as
in the south-eastern part of Turkey. These data generally agree with the spatial distribution of
anthropogenic emission in these regions. Cadmium deposition fluxes were relatively low in Western
Europe except for the areas over the Netherlands and Belgium, where they were closer to the levels
in Central Europe . Also the Middle East is characterized as the region with significant Cd deposition
fluxes that are partly explained by wind re-suspension of the pollutant from the ground. The levels
below 5 g/km?/y occured in Northern Europe and in the Russian Arctic because of low emissions and
low precipitation in these regions. Along with this, low deposition fluxes are noted for Central Asia
also due to low precipitation amounts.
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Fig. 3.18. Annual total deposition flux of Cd (a) and mean total deposition fluxes of Cd to EMEP sub-regions
(b) in 2020. Whiskers show the range of country-average concentrations across countries in each sub-region.

The contribution of various types of Cd emission sources to deposition levels is shown in Figure 3.19.
The assessment considers the influence of three groups of sources, in particular, Cd anthropogenic
emissions of the EMEP countries (Fig. 3.19a), secondary sources of Cd in the EMEP region due to
wind re-suspension (Fig. 3.19b) and Cd emission sources located outside of the EMEP region or non-
EMEP sources (Fig. 3.19c). As it can be seen, anthropogenic emissions from the EMEP countries
dominate in most of the EMEP sub-regions contributing about 50% of total Cd deposition in
Southern, Western, and Northern Europe and even more in Central and Eastern Europe (Fig. 3.19d).

M EMEP anthropogenic sources

20 [ Secondary sources of the EMEP region

= Non-EMEP sources
15
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Cd deposition fluxes, g/km?/y
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Europe Europe Europe Europe Europe & Central
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Fig. 3.19. Annual Cd deposition in 2020 from EMEP anthropogenic sources (a), secondary sources (wind re-
suspension) (b) and non-EMEP sources (c), and mean deposition fluxes from these sources to the EMEP sub-
regions (d).

In addition to this, it is assumed that in such regions topsoil is enriched with Cd due to elevated Cd
pollution levels. According to the model parameterization, it causes comparatively high deposition of
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re-suspended Cd, for instance in the south-eastern part of Poland and the western part of Germany.
The highest mean deposition flux from re-suspension (around 4 g/km?/y) is noted for Central and
Western Europe. However, the relative contribution of re-suspension does not exceed 40% of total
deposition level (Western Europe).

The contribution of non-EMEP Cd emission sources is noticeable over Turkey, Greece and Spain as
well as in Caucasus and Central Asia due to proximity to non-EMEP sources in Northern Africa, the
Middle East and Southern Asia. The deposition fluxes from this type of sources range from 0.5
g/km*/y in Northern Europe to 4.6 g/km?/y in Southern Europe (Fig. 3.19d). Besides, the highest
relative contribution of these sources to total deposition is noted for the Caucasus and Central Asia
(around 40%) followed by Southern Europe (about 25%). More detailed information on the
contributions from the EMEP anthropogenic sources, wind re-suspension and non-EMEP
anthropogenic sources to Cd deposition in 2020 in the particular EMEP countries can be found in
Supplementary Data Report [Strizhkina et al., 2022a].

Changes of the pollution levels in 2020

Cd air pollution and deposition fluxes over the EMEP region have been changed since 2019. Changes
caused by variability of meteorological conditions are considered in this section. The description of
the overall changes due to both meteorological conditions and emissions can be found in Annex B. In
2020 due to changes in meteorological conditions Cd air concentrations increased on average from
1.5 to 6.5% depending on the particular sub-region (Fig. 3.20b). The highest regional-mean relative
increase is estimated for Caucasus and Central Asia, while the lowest one for Southern Europe. At the
same time, the changes in particular countries of the EMEP region are more substantial (Fig. 3.20a).
In particular, air concentrations increased by 5-20% in Poland, Finland, Sweden, Hungary, Slovakia,
Bosnia and Herzegovina, Croatia, over the northern part of Italy, and more than by 20% in France,
Russia (especially in the Arctic and in the southern part). Cadmium concentrations also increased
over the Black Sea, the Caspian Sea, over the Bay of Biscay and the Arctic Ocean. At some locations
over the Arctic Ocean the relative increase exceeds 50% (Fig. 3.20a). Some of the areas are
characterized by declining levels of concentrations. In particular, a 5-20% decrease is seen in the
United Kingdom, Norway, Latvia, Lithuania, and Belarus as well as over the most part of the
Mediterranean Sea. On the contrary, in most countries of Central Europe, Cd concentrations in the
air are changed only slightly (from -5% to 5%) . The absolute differences range from -0.1 to 0.1
ng/m? in almost all sub-regions of the EMEP domain.

60



o B N W b 0O N

Cd air concentrations changes, %

Central Western Southern Caucasus Eastern Northern
Europe Europe Europe & Central Europe Europe
Asia

b

Fig. 3.20. Relative changes of Cd air concentrations due to the changes in meteorological conditions over the
EMEP domain (a), and in the EMEP sub-regions (b) between 2019 and 2020.

Following air concentrations, the total deposition fluxes of Cd also changed in 2020. Variability of
meteorological conditions led to a noticeable decrease in Southern Europe (Italy and countries of the
Adriatic coast) and Central Europe as well as over the Mediterranean Sea, White Sea, and in Central
Asia due to the decrease of precipitation in these regions (Fig. 3.21a,b). Compared to the previous
year, the highest relative increase of Cd deposition fluxes is seen in France, Spain, Azerbaijan,
Armenia, Georgia as well as over the Bay of Biscay, the Caspian Sea, and the western part of Black
sea. Along with this 5-20% increased deposition fluxes are seen in some parts of Sweden, Norway
and Finland which is explained by increased atmospheric transport from Central Europe. Patterns of
Cd pollution level changes are similar to those for Pb (Section 3.4.2). Taking into account this and
similarity of atmospheric behavior of Pb and Cd, it is justified to state that the reasons for Cd level
changes are similar to those of Pb discussed in section 3.4.2.
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Fig.3.21. Relative changes of Cd total deposition due to the changes in meteorological conditions over the
EMEP domain (a), and in the EMEP sub-regions (b) between 2019 and 2020.

Transboundary transport

In 2020, there were 39 countries of total 51where the contribution of transboundary transport to Cd
deposition exceeded 50%, and it should be noted that this number did not change compared to
2019. At the same time, the number of countries where the contribution of transboundary transport
to deposition levels exceeds 75% increased by 1 and amounted to 19. Total anthropogenic Cd
deposition flux in the EMEP parties split by types of sources is illustrated in Figure 3.22a. The largest
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contribution of transboundary transport is seen in Monaco (more than 99%), Liechtenstein (98%),
Iceland (96%), Malta (96%) and Lithuania (92%). The dominance of foreign sources in the pollution of
these countries is explained by the low levels of their own anthropogenic emissions and their small
areas. In some particular cases, for instance in Iceland, national emissions are so small that despite
remoteness from major European sources, the contribution of long-range transport to Cd deposition
in these countries exceeds 95%. High contribution of transboundary transport also takes place for
Lithuania, Latvia, Estonia, Finland, Denmark, Sweden, Norway, Croatia, and Montenegro, where the
impact of national sources is relatively small. There is 15-25% deposition increase in Norway and
Azerbaijan and 10% in Sweden compared to 2019 due to the increase of contribution of foreign
sources (Fig. 3.22b). At the same time atmospheric transport, mostly in charge of deposition,
decreased in Iceland, Malta, Ireland, Austria, Belgium and Liechtenstein. The smallest contribution of
foreign sources is noticeable in Spain (about 18%), the United Kingdom (20%), Portugal (25%), Russia
(almost 30%) and Germany (around 30%).
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Fig. 3.22. Spatially averaged deposition flux of Cd in the EMEP countries from national and foreign sources in
2020 (a) and relative change of the deposition fluxes between 2019 and 2020 (b).

The impact of transboundary transport is the most noticeable in Central Europe as well as in western
part of Eastern Europe and the northern part of Southern Europe. According to the officially reported
data, Cd emissions are relatively high in Germany, Serbia and Poland (Fig. 3.22a). Therefore,
compared to other countries, the largest national deposition fluxes in absolute terms (more than 12
g/km?/year) are noted for these countries. But beside high levels of deposition to their own territory,
contribution of Cd deposition from transboundary transport in these countries is also significant (up
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to 67% in Serbia and about 50 % in Poland and Germany). For other countries of Central Europe, the
foreign sources mostly contribute more than national ones. In the westernmost countries, such as
Spain and the United Kingdom, the situation is the opposite. National sources contribute more than
the foreign ones. In Central Asia, the farther south the country is, the lower its national emissions,
and the greater the role of long-range transport in pollution levels. The modelling results for 2020
show the decreasing role of the Cd transboundary transport in a number of countries, namely
Iceland, Malta, Croatia, Liechtenstein, Belgium, Switzerland and the United Kingdom compared to
2019 (Fig. 3.22b). Also there is an increase in Cd deposition caused by both foreign and national
sources in Spain and Portugal.

3.4.4. Mercury

Mercury is a toxic pollutant capable of long-range transport, bioaccumulation in ecosystems and
leading to adverse effects on human health and biota. Mercury mainly occurs in the free and lower
troposphere in the gaseous elemental form (Hg®) with a small contribution of oxidized forms (Hg").
Besides, mercury deposition is determined by Hg", which is directly emitted from anthropogenic
sources and formed chemically in the atmosphere from Hg°, as well as by air-vegetation exchange of
Hg. Thus, Hg deposition depends on a number of factors including spatial patterns of anthropogenic
and natural emission, chemical composition of the atmosphere as well as meteorological conditions.

Air concentrations

Annual atmospheric concentrations of Hg® in the surface layer range from 1.2 to 2 ng/m® with an
average of 1.4 ng/m> over the whole EMEP region in 2020 (Fig. 3.23a). The relatively small variation
of atmospheric Hg® concentrations is explained by the fact that, in contrast to other heavy metals,
Hg® is characterized by long resistance time in the atmosphere that leads to forming evenly
distributed background levels. According to the modelling results, concentrations of elemental
gaseous Hg exceeding 1.6 ng/m? are noted for Portugal, Greece, Hungary, Albania, Bulgaria, North
Macedonia, Croatia, Poland, Uzbekistan, Turkmenistan, the Netherlands and the western part of
Turkey. Also Hg° air pollution levels that exceed the average EMEP value are noticeable over the
Baltic and North seas, the coastal zones of the Mediterranean sea and especially over the Black and
Caspian seas. In some particular areas of Bosnia and Herzegovina, Serbia, Uzbekistan, Spain and Italy
air pollution reaches 1.7 ng/m?, in particular areas in the northern part of Italy levels are greater than
3 ng/m>. However, mean air concentrations of Hg’ in all EMEP sub-regions are within 1.3-1.4 ng/m’
(Fig. 3.23b). Hg° concentrations lower than 1.4 ng/m? are seen in the central part of France as well as
in remote regions (e.g. the Arctic). Modelling results agree with measured Hg® concentrations,
obtained from the EMEP monitoring network, with relative bias ranging from -15% to 15%. Detailed
information on agreement between modelled and observed concentrations is presented in
Supplementary Data Report [Strizhkina et al., 2022a].
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Fig. 3.23. Annual mean air concentrations of Hg (circles on the map show observed values in the same colour
scale) (a) and mean air concentrations of Hg in EMEP sub-regions (b) in 2020. Whiskers show the range of
country-average concentrations across countries in each sub-region.

Deposition fluxes

On average, the greatest Hg deposition fluxes occured in Central Europe, whereas the largest range
of Hg deposition is noted in Southern Europe (Fig. 3.24b). The most intensive mercury deposition
(higher than 25 g/kmz/y) is modelled for some areas in Poland, Italy, Bosnia and Herzegovina,
Romania, Serbia, Turkey and Azerbaijan (Fig. 3.24a). Besides, relatively high mercury deposition
fluxes (exceeding 17 g/km?*/y) are noted in Germany, Greece, Slovakia, Bulgaria, over the northern
part of the Kola Peninsula and the Black Sea coast. Also elevated fluxes are seen in the high Arctic. It
is caused by intensive Hg® oxidation and deposition in springtime during the Atmospheric Mercury
Depletion Events (AMDEs). However, it should be noted that a major part of the mercury deposited
on the snow is later re-emitted to the atmosphere. The agreement between the modelled and
measured wet deposition levels is within factor of 2. The more detailed information on comparison

between the modelled and measured wet deposition is presented in the Supplementary Data Report
[Strizhkina et al., 2022a].
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Fig. 3.24. Annual total deposition flux of Hg (a) and mean total deposition fluxes of Hg to EMEP sub-regions
(b) in 2020. Whiskers show the range of country-average concentrations across countries in each sub-region.

The spatial distribution of Hg total deposition originated from different groups of sources is shown in
Fig. 3.25. The largest average relative contribution of EMEP anthropogenic sources is seen in Central
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Europe and amounted to 45% to total deposition. In other sub-regions it does not exceed 30% (Fig.
3.25d). The minimum contribution of this type of sources is noted for Northern Europe (13%). The
spatial distribution of Hg deposition originated from the EMEP sources is mainly consistent with
spatial pattern of Hg emission (Fig. 3.25a, Fig. 3.6c). It can be seen that high deposition fluxes in some
particular areas in Poland, Bosnia and Herzegovina and Germany are largely caused by the EMEP
anthropogenic sources. Besides, significant fluxes in countries in Southern Europe (e.g. Spain, ltaly,
Turkey, Romania, Serbia) as well as over the Caucasus and the high Arctic are mostly originated from
the non-EMEP sources.

Figure 3.25c shows that the non-EMEP sources contribute a large part to total mercury deposition
and their relative contribution ranges from 52% in Central Europe to 85% in Northern Europe. In
other sub-regions it amounts to 70-74%. It should be noted that due to the long-time residence of Hg
in the atmosphere, non-EMEP sources might contain some fraction of the mercury input from the
EMEP anthropogenic sources that was transported out through the boundaries of the region, mixed
with inputs from other anthropogenic sources, and transported back into the region in composition
of the non-EMEP sources. Mercury emitted from natural and secondary sources within the EMEP

domain is mostly transported outside the region, therefore contribution of these sources does not
exceed 3% over all EMEP sub-regions (Fig. 3.25b).
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Fig. 3.25. Annual Hg deposition in 2020 from EMEP anthropogenic sources (a), EMEP secondary sources
(natural and re-emission) (b) and non-EMEP sources (c), and mean deposition fluxes from these sources to
the EMEP sub-regions (d)
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Changes of the pollution levels between 2019 and 2020

Changes of the mercury pollution levels between 2019 and 2020 due to changes in meteorological
conditions are considered in this section. Changes in meteorological conditions led to negligible 1.5 -
2.5% decrease in Hg air concentrations over all EMEP sub-regions (Fig. 3.26b). In particular, decrease
is seen over the western part of Russia, the central and southern parts of Italy, Switzerland, Austria,
the northern parts of Sweden and Finland, and the southern part of Turkey (Fig. 3.26a). At the same
time, there is a slight increase in Portugal, in the north of Italy and over the high Arctic.
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Fig. 3.26. Relative changes of Hg air concentrations due to the changes in meteorological conditions over the
EMEP domain (a) and in the EMEP sub-regions (b) between 2019 and 2020.
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Fig. 3.27. Relative changes of Hg total deposition due to the changes in meteorological conditions over the
EMEP domain (a) and in the EMEP sub-regions (b) between 2019 and 2020.

Total mercury deposition levels also changed in 2020. Changes in meteorological conditions led to
decrease in Central, Eastern and Northern Europe (Fig. 3.27b). In particular, it is seen in Hungary,
Austria, Switzerland, Denmark, Slovakia, Albania, Greece, Bosnia and Herzegovina, Finland, the
Netherlands and Iceland (Fig. 3.27a). The most significant (more than 20%) decrease is noted in
Sweden, Gulf of Bothnia and the Russian Arctic. Also, it is found over the Tyrrhenian, Aegean, lonian
Seas, the northern part of the Adriatic Sea and the Gulf of Venice. At the same time, the
meteorological variability caused an increase in deposition fluxes in Southern Europe and, especially,
in Western Europe. The most drastic increase of deposition fluxes is noted in Spain, Portugal, Poland,

Latvia, the western part of France, the eastern part of Belarus, Romania, Georgia, Armenia,
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Azerbaijan and along the northern coastline of Norway as well as over the middle Atlantic, the Celtic
Sea, the Bay of Biscay, the Black Sea and the Arctic.

Transboundary transport

In 2020 there were 14 EMEP countries, where contribution of transboundary transport to total

mercury deposition from anthropogenic sources does not exceed 50%. They include countries in

Central and Southern Europe with high Hg pollution levels caused by national emission sources,
namely Bosnia and Herzegovina (37%), Germany (35%), Poland (40%), and Serbia (48%). Besides,

these are

countries relatively distant from major European emission sources and with low

contribution of national anthropogenic sources, in particular, the United Kingdom, Spain, Portugal,

Turkey and Kazakhstan (Fig. 3.28a). The predominant role of transboundary transport that explains

more than 90% of mercury pollution from anthropogenic sources is seen in 11 countries, including

Lithuania, Armenia, Latvia and Belarus. It should be noted that Hg deposition in some countries of

that list is characterized by the negligible contribution of their national emissions (Monaco,

Liechtenstein, Malta, Cyprus) and remoteness from major emission sources (Kyrgyzstan) in the EMEP

region.
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Fig. 3.28. . Spatially averaged deposition flux of Hg in the EMEP countries from national and foreign sources
in 2020 (a) and relative change of the deposition fluxes between 2019 and 2020 (b).
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In most EMEP countries changes of Hg deposition in 2020 in comparison with the previous year are
explained by changes of contribution of the foreign sources (transboundary transport). The most
significant relative decrease of deposition (more than 5%), caused by reducing the role of foreign
sources, is noted in Iceland, Finland, Monaco, Denmark, Switzerland, Croatia and Liechtenstein (Fig.
3.28b). Also, a 5% decrease is seen in Sweden, Albania and Cyprus. On the other hand, a significant
increase (more than 5%) is noticeable in Bulgaria, Belarus, Kyrgyzstan, France, Portugal, Tajikistan,
Norway and Azerbaijan. The visible impact of the changes in deposition from national sources is
noted in Spain, where it is responsible for a 5% deposition increase, and in Bosnia and Herzegovina,
where it led to a 5% decrease.

3.4.5. Polycyclic Aromatic Hydrocarbons (PAHs)

Polycyclic Aromatic Hydrocarbons comprise a large group of organic chemicals that are released to
the environment both from natural and anthropogenic emission sources. The most significant part of
anthropogenic PAH emissions originates from incomplete combustion of various types of fossil fuels
and biomass burning. PAHs belong to semi-volatile compounds that present in the atmosphere in
gaseous and particulate phase and undergo chemical reactions. Entering the atmosphere PAHs can
be transported over long distances. It was recognized that some of the PAHs have carcinogenic,
mutagenic, and teratogenic properties and can pose serious risk to human health [Keyte et al., 2013;
Kim et al., 2013].

Assessment of PAH pollution levels and exceedances of air quality guidelines is made for the 4
selected PAH compounds, targeted by the LRTAP Protocol on POPs (namely benzo(a)pyrene,
benzo(b)fluoranthene, benzo(k)fluoranthene, and indeno(1,2,3-cd)pyrene). In this section overview
of PAH pollution levels and long-range transport in the EMEP region is presented based on the results
of monitoring and model simulations for 2020. Information on exceedances of air quality guidelines
for 4 PAHs is given in Section 3.5.2. More detailed results of modelling and monitoring of PAH
pollution levels can be found in the Supplementary Data Report [Strizhkina et al., 2022b].

Air concentrations

Observed and modelled annual mean air concentrations of the sum of 4 PAHs in 2020 are illustrated
in Fig. 3.29a. PAH concentrations in air in the EMEP region vary from less than 0.1 ng/m3 up to 3
ng/m? and higher. The highest average atmospheric concentrations are estimated for the countries
of Central Europe followed by Southern and Eastern Europe (Fig. 3.29b). Model simulations indicate
high levels of pollution (above 1.5 ng/m®) in Poland, Czechia, Slovakia, and Hungary. High level of
concentrations is also noted for selected areas of Italy, Croatia, Serbia, Romania, and a number of
regions of the eastern part of Europe. In some of these countries pollution levels exceeded air quality
guidelines established for B(a)P by the EU and WHO (Section 3.5.2). Other areas of the EMEP region
are characterized by relatively low air concentrations of 4 PAHs (0.1 - 1.5 ng/m’) with the lowest
levels (below 0.1 ng/m?®) in Northern Europe (Fig. 3.29b).
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Fig.3.29. Annual mean air concentrations of the sum of 4PAHs (circles on the map show observed values in
the same color scale) (a) and average air concentrations of the sum of 4 PAHs in the EMEP sub-regions (b) in
2020. Whiskers show the range of concentrations in particular countries of the sub-region.

Monitoring of 4 PAHs in 2020 was carried out at 34 monitoring sites in 14 EMEP countries. Evaluation
of the modelling results against EMEP measurements shows good agreement of modelled and
observed concentrations of the sum of 4 PAHs with low bias (-3%) and high spatial correlation (0.91).
For about 80% of the monitoring stations, the differences between the modelling results and
measured concentrations are within a factor of 2. Evaluation of modelling results for individual 4 PAH
compounds against the EMEP measurements indicates -9%, 14%, -6%, -3% bias for B(a)P, B(b)F, B(k)F
and I(cd)P, respectively. The model satisfactory reproduced the spatial distribution of observed 4
PAH air concentrations with correlation coefficients about 0.80-0.95.

In addition to this, modelled B(a)P concentrations for 2020 were compared with observed
concentrations collected in the EEA AQ e-Reporting database. Measurements of B(a)P in air at
background rural and suburban stations in 22 countries were selected for the comparison. Model
predictions showed generally higher bias between modelled and observed concentrations of EEA
compared to EMEP measurements. In particular, the model tended to under-predict observed B(a)P
concentrations by 54%. At the same time, modelling results showed good spatial correlation with
measurements (correlation coefficient about 0.8). The differences between the modelled and
measured concentrations were within a factor of 2 for about 50% of the monitoring stations.

Deposition fluxes

Spatial distribution of the sum of 4 PAHs deposition fluxes in the EMEP region in 2020 is shown in Fig.
3.30a. Deposition flux of PAHs depends on a number of factors that include distribution of emission
sources, properties of underlying surface and precipitation amount. The highest deposition fluxes
(200-400 g/km?*/y and higher) were estimated for some of the countries of Central and Eastern
Europe. Moderate levels of deposition (70-200 g/km?/y) took place in countries of Western and
Southern Europe. Similar to air concentrations, the highest spatially averaged deposition fluxes of 4
PAHs are noted for Central Europe (about 170 g/km?/y), and the lowest ones for Caucasus and
Central Asia (about 15 g/km?*/y) (Fig. 3.30b).
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Fig. 3.30. Annual total deposition flux of the sum of 4 PAHs (a) and average total deposition fluxes of the sum
of 4 PAHs to the EMEP sub-regions (b) in 2020. Whiskers show the range of deposition fluxes in particular
countries of the sub-region.

Three groups of emission sources of PAH deposition are considered in the model simulations,
namely, EMEP anthropogenic sources, secondary sources (re-volatilization from surface
compartments) in the EMEP domain and emission sources located outside the EMEP countries (non-
EMEP sources). The largest contribution (more than 80%) is made by the EMEP anthropogenic
sources, while other types of emission sources contributed less than 20%.

Changes of pollution levels between 2019 and 2020

Relative changes of PAH air concentrations between 2019 and 2020 due to meteorological variability
are shown for the whole EMEP domain (Fig. 3.31a), and as spatially averaged air concentrations in six
sub-regions (Fig. 3.31b). Over the most part of the EMEP countries differences of air concentrations
between two years varied within £50%. The largest decrease of spatially averaged air concentrations
is estimated for Western Europe (about 16%), while the lowest one for Central Europe (about 1%).
For other sub-regions model simulations show decline of PAH concentrations by 7-9%. For some of
the areas of Northern, Western, and Central Europe increase of air concentrations is estimated (e.g.
Iceland, northern parts of Norway and Sweden). More significant increase of air concentrations is
noted for Mediterranean Sea, Atlantic Ocean, and Arctic region. At the same, time these areas are
characterized by significantly lower pollution levels compared to EMEP countries.

Relative changes of total deposition fluxes of 4 PAHs from 2019 to 2020 are illustrated in Fig. 3.32a.
Similar to air concentrations, deposition fluxes varied within the range of +50% between 2019 and
2020 for most of EMEP countries. Contrary to air concentrations an increase of spatially averaged
PAH deposition fluxes is estimated for Northern Europe as well as for Caucasus and Central Asia sub-
regions by almost 10% and 4%, respectively (Fig. 3.32b). Other sub-regions are characterized by
negligible decline. Similar to air concentrations, more significant relative increase of deposition fluxes
is estimated for the Arctic region and some areas of Atlantic Ocean and the Mediterranean Sea.
Estimated changes in PAH concentrations and deposition fluxes from 2019 to 2020 can be attributed
to inter-annual variations of meteorological conditions, namely, temperature and atmospheric
circulation patterns, described in Section 3.1.
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Fig. 3.31. Relative changes of the sum of 4 PAHs air concentrations between 2019 and 2020 over the EMEP
domain due to meteorological conditions (a). The bar chart (b) shows relative changes of concentrations of
the sum of 4 PAHs in EMEP sub-regions.
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Fig. 3.32. Relative changes of the sum of 4 PAHs deposition between 2019 and 2020 over the EMEP domain
due to meteorological conditions (a). The bar chart (b) shows relative changes of deposition fluxes of the sum
of 4 PAHs in the EMEP sub-regions.

Transboundary transport

Modelling of PAH long-range transport and country-to-country deposition fluxes permit to
characterize relative contributions of national and foreign emission sources to total PAH deposition
in particular countries. Spatially averaged deposition fluxes of the sum of 4 PAHs to EMEP countries
are shown in Fig. 3.33a. The highest deposition flux is estimated for Poland (about 250 g/km?/y)
followed by Czechia and Slovakia, while the lowest one is calculated for Iceland and Malta (about 1
g/km?/y). PAH deposition from transboundary transport exceeds deposition from national sources in
16 EMEP countries (e.g. Slovakia, Sweden, and Estonia). The highest contribution of transboundary
transport (about 97 — 99%) is noted for Liechtenstein, Monaco and Montenegro due to their
relatively small territory or low national emissions. The lowest contribution of transboundary
transport (below 10%) is estimated for Portugal, Italy, Spain, Turkey and Ireland due to their relative
remoteness from major foreign emission sources. Detailed information on transboundary pollution
for each EMEP country and for all selected PAHs is presented in Supplementary Data Report
[Strizhkina et al., 2022b].
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Changes of PAH deposition to each EMEP country from national and foreign emission sources
between 2019 and 2020 are shown in Fig. 3.33b.
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Fig. 3.33. Spatially averaged deposition flux of the sum of 4 PAHs in the EMEP countries from national
(national flux) and foreign (transboundary flux) anthropogenic emission sources in 2020 (a) and relative
change of the deposition fluxes between 2019 and 2020 due to meteorological variability (b).

For most of the countries difference between PAH deposition fluxes in 2019 and 2020 ranges within
1+15%. A few exceptions include Iceland, Malta, Norway and Montenegro. Changes of transboundary
fluxes were more significant compared to the changes of deposition fluxes from national sources. In
some countries (e.g. Bulgaria, Hungry, Germany) deposition from national emission sources
increased in 2020 while deposition from foreign emission sources declined. Difference of estimates
of PAH pollution levels between 2019 and 2020 is explained by the effect of inter-annual variability of
meteorological parameters.

3.4.6. PCDD/Fs, PCBs and HCB

This section provides a summary of modelled and observed pollution levels of PCDD/Fs, PCBs, and
HCB in 2020 in the EMEP region. These pollutants are known to be semi-volatile, persistent and
widely dispersed in the environment. Studies of their adverse effects indicate that they pose risk to
human health and biota [WHO, 2000; 2003; Starek-Swiechowicz et al., 2017]. PCDD/Fs, PCBs, and
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HCB are formed as unintentional by-products during various anthropogenic activities (e.g.
combustion of fossil fuels, chemical manufacture processes, waste incineration) and can be released
into the atmosphere and other environmental compartments. Long-term accumulation in the
terrestrial and aquatic compartments can lead to their secondary emissions (re-volatilization) to the
atmosphere making significant contribution to the pollution levels.

Air concentrations

Annual mean modelled PCDD/Fs, PCB-153 and HCB air concentrations in the EMEP domain simulated
for 2020 are presented in Figs. 3.34a,c,e. Model predictions of PCDD/Fs and PCB-153 concentrations
in the EMEP countries vary in a wider range for PCDD/Fs and PCB-153 compared to HCB
concentrations. Relatively homogeneous distribution of HCB can be attributed to its more significant
persistence in the atmosphere. Along with the modelling results annual mean concentrations,
measured at the EMEP monitoring stations in 2020, are shown on the maps.

Averaged levels of concentrations for six sub-regions of the EMEP region are given in Figs. 3.34b,d,f.
The highest concentrations of PCDD/Fs are estimated for some of the countries in Eastern and
Southern Europe (about 16 fg I-TEQ/m?), of PCB-153 for Western Europe (about 6 pg/m?), and for
HCB for Eastern and Central Europe (about 50 pg/m?). The lowest pollution levels are noted for
countries in Northern Europe as well as in Caucasus and Central Asia.

Comparison of the modelling results with observed PCB-153 and HCB concentrations in 2020 at the
EMEP monitoring network shows reasonable agreement between measurements and modelled
concentrations. Relative bias between modelled and observed concentrations is about 6% for PCB-
153 and -11% for HCB. For half of the stations, the model predictions are within a factor of 2
compared to measured concentrations. Differences higher than a factor 2 were found for the
stations CZOOO3R, I1S091R, NOOO9OR and NOOQ042R in case of PCB-153, and for ISO91R, NOOO42R,
SE0014R and SEO022R in case of HCB.

Measurements of PCDD/F air concentrations in 2020 were carried out at two EMEP stations SE0O014R
and SE0022R. Comparison of modelled and observed air concentrations shows satisfactory
agreement for SE0014R with some overestimation about 8%. In case of SE0022R the model tended to
underestimate observed concentrations with the bias of about -65%. More detailed information on
agreement between the modelled and observed concentrations of POPs is given in Supplementary
Data Report [Strizhkina et al., 2022b].
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Fig. 3.34. Annual mean modelled and observed air concentrations of PCDD/Fs (a), PCB-153
(c), and HCB (e) (circles on the map show observed values in the same color scale) and
averaged air concentrations of PCDD/Fs (b), PCB-153 (d), and HCB (f) in the EMEP sub-
regions in 2020. Whiskers show the range of concentrations in particular countries of the
sub-regions.

Deposition fluxes

Modelled PCDD/Fs, PCB-153 and HCB annual deposition fluxes in the EMEP domain, simulated for
2020, are demonstrated in Fig. 3.35a,c,e. Annual deposition fluxes depend on a number of factors,
including location of main emission sources, precipitation amounts, properties of underlying surface
and contribution of secondary emissions.
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Fig. 3.35. Annual modelled deposition fluxes of PCDD/Fs (a), PCB-153 (c), and HCB (e) and
averaged deposition fluxes of PCDD/Fs (b), PCB-153 (d), and HCB (f) in the EMEP sub-
regions in 2020. Whiskers show the range of deposition fluxes in particular countries of the
sub-regions.

Spatial distributions of PCDD/Fs, PCB-153 and HCB deposition fluxes generally follow the distribution
of air concentrations of these pollutants. In particular, maximum values of deposition fluxes are
estimated for countries in Western, Central and Southern Europe in case of PCDD/Fs and PCB-153.
For HCB relatively high deposition fluxes are indicated for Eastern, Central and Northern Europe.

Average annual total deposition fluxes of PCDD/Fs, PCB-153 and HCB for different EMEP sub-regions
are illustrated in Fig. 3.35b,d,f. The highest average annual deposition fluxes took place in Southern
Europe for PCDD/Fs, in Western Europe for PCB-153 and in Eastern Europe for HCB. The lowest
pollution levels are estimated for Northern Europe in case of PCDD/Fs, and for Caucasus and Central
Asia in case of PCB-153 and HCB.
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Three groups of emission sources were considered in the model simulations, namely, EMEP
anthropogenic sources, secondary sources (re-volatilization) in the EMEP domain and emission
sources located outside the consolidated area of all EMEP countries (non-EMEP sources). The
contributions of these three groups of sources to average annual deposition fluxes in six sub-regions
of EMEP domain are shown in Fig. 3.36.

Modelling results show that the highest contributions to deposition fluxes was made by secondary
emission sources of the EMEP domain (55%, 69% and 78% on average for PCDD/Fs, PCB-153 and
HCB, respectively). The second most important contributors for PCDD/Fs and PCB-153 were the
EMEP anthropogenic emissions (about 34% and 27% respectively). For HCB the second most
important contributor was the emission outside the EMEP domain boundaries while the EMEP
anthropogenic emissions contributed less than 1%.
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Fig. 3.36. Annual average deposition fluxes of PCDD/Fs (a), PCB-153 (b) and HCB (c) to EMEP sub-regions in
2020 from the EMEP anthropogenic sources, secondary sources (re-volatilization) and non-EMEP sources.

Changes of the pollution levels between 2019 and 2020

This section describes inter-annual changes of pollution levels between 2019 and 2020 due to
variability of meteorological conditions. To evaluate the effect of changes of meteorological
parameters, sensitivity model simulations were carried out using meteorological data for 2019 and
2020 and the same emission dataset for 2019.

Relative changes of PCDD/Fs, HCB, and PCB-153 annual mean air concentrations between 2019 and
2020 are shown in Fig. 3.37. For all sub-regions PCDD/F air concentrations declined with the
exception of Central Europe. The largest decline was estimated for Western Europe (about 7%)
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followed by Eastern Europe (about 6%). For Central Europe small increase of concentrations was
calculated by the model. In case of PCB-153, the largest decline is noted for Western Europe (about
6%) as well as for Caucasus and Central Asia (about 5%). Southern and Eastern Europe are
characterized by negligible increase of pollution levels. HCB air concentrations declined in all the sub-
regions with the largest decrease in Central Europe (about 16%) followed by Southern Europe (about
14%).
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Fig. 3.37. Relative changes of PCDD/Fs, PCB-153 and HCB air concentrations between 2019 and 2020 in the
EMEP domain (a,c,e) and in its six sub-regions (b,df).

Relative changes of PCDD/Fs, HCB, and PCB-153 annual deposition fluxes between 2019 and 2020 are
demonstrated in Fig. 3.38. Deposition of PCDD/Fs increased in Northern Europe, Caucasus and
Central Asia and Eastern Europe by 6%, 3% and 2%, respectively. In Central Europe decline of
deposition fluxes by 5% is noted. Deposition fluxes of PCB-153 in Eastern Europe were higher by 6%
in 2020 compared to 2019. At the same time, in Caucasus and Central Asia decrease of PCB-153
deposition by about 4% took place. Similar to air concentrations, deposition fluxes of HCB decreased
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in all the sub-regions. The largest change was estimated for Central Europe (about -14%) followed by
Southern Europe (about -13%). Inter-annual changes of air concentrations and deposition fluxes
described above can be attributed to the changes of air temperature, precipitation amount and

pathways of atmospheric circulation.
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Fig. 3.38. Relative changes of PCDD/Fs, PCB-153 and HCB deposition fluxes between 2019 and 2020 in the
EMEP domain (a,c,e) and in its six sub-regions (b,df).

Transboundary transport

Anthropogenic component of deposition to the EMEP countries can be split into two parts:
deposition caused by national emission sources and deposition caused by transboundary
atmospheric transport from the sources of other EMEP countries (foreign sources). The example of
modelling results, evaluating contributions of national and foreign sources to PCB-153 deposition, is
presented in Fig. 3.39. The largest deposition fluxes were estimated for the Benelux countries
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(Belgium, Luxembourg and the Netherlands), while the lowest ones for the Central Asian countries

and Iceland.
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Fig. 3.39. Spatially averaged deposition flux of PCB-153 over EMEP countries from national and foreign
sources in 2020.

Modelling results indicate that the fraction of transboundary transport exceeds 50% in 20 from 51
EMEP countries for PCDD/Fs, in 36 countries for PCB-153 and in 37 countries for HCB. Thus, model
simulations indicate that transboundary transport of POP pollution plays important role in the
contamination of the EMEP countries. The highest contribution of transboundary transport is noted
for the countries with small territory and/or low national emissions (e.g. in Liechtenstein, Monaco,
Montenegro). The lowest contribution of transboundary transport is estimated for the countries with
substantial national emissions and relatively large territory (e.g. in Poland, Kazakhstan, Italy).
Furthermore, significant influence of national sources is noted for the countries located in the
western part of the EMEP region due to predominant westerly atmospheric transport and relative
remoteness from major foreign emission sources.

According to the modelling results variability of meteorological conditions between 2019 and 2020
resulted in changes of PCDD/Fs, PCB-153 and HCB deposition fluxes from -10% to 10% in the majority
of EMEP countries. As an example, in Fig. 3.40 the differences of PCB-153 deposition fluxes caused by
inter-annual meteorological variability between 2019 and 2020 are illustrated. The largest increase of
deposition (by 21%) is estimated for Norway, while the largest decrease of deposition (by 26%) for
Iceland. In most of the countries estimated changes of PCB-153 deposition were due to the change of
transboundary contribution. Some of the countries are characterized by the changes of national and
transboundary components of deposition in opposite directions (e.g. Denmark, Estonia, Iceland).
More detailed information on POP deposition levels and contributions of national and foreign
sources as well as their changes from 2019 to 2020 can be found in Supplementary Data Report
[Strizhkina et al., 2022b].
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Fig. 3.40. Relative changes of the deposition fluxes of PCB-153 contribution between 2019 and 2020.

3.4.7. Country-specific information

Dissemination of the assessment results and other relevant information, aimed at supporting
political decisions, is of high importance. Annual reports containing current status of heavy metals
and POPs pollution within the EMEP region are supplemented by presentation of information on the
web. It provides more flexible and targeted assistance to national experts and authorities with data

required for the environment protection regulations.

Detailed information on heavy metals and POPs pollution is given for each individual EMEP country.
This country-specific information includes variety of data on the model assessment for particular
country collected in one place to make easier access to information and its analysis by national
experts. Information is presented in the form of diagrams, maps and data files for all the EMEP
countries at the MSC-E website (http://msceast.org/index.php/pollution-assessment/emep-
countries-menu). In addition, the country-specific information for the EECCA countries is also

available in Russian (http://www.ru.msceast.org/index.php/pollution-assessment/eecca-countries-

menu).
Country-specific information includes the following elements:

e Spatial distribution of pollution levels;
e Transboundary pollution of a country;
e Contribution of national sources to transboundary transport;

e Ecosystem-specific deposition (17 land cover categories).
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Fig. 3.41. Characteristics of transboundary transport of Cd to Slovenia: (a) -deposition map,
(b) - relative contributions of foreign sources; (c) - main contributors to anthropogenic
deposition in the country; (d) main receptors of deposition from the country.

Detailed information on transboundary pollution of individual countries includes maps of total
deposition fluxes to a country’s territory (Fig. 3.41a) and relative contributions of foreign sources to
anthropogenic deposition (Fig. 3.41b). Besides, source apportionment of anthropogenic deposition
to the country’s territory is presented (Fig. 3.41c). Each country contributes to atmospheric pollution
of other EMEP countries. Spatial distribution of deposition caused by country’s sources is available
for the entire EMEP region. Besides, country’s total deposition to main receptor regions and its
fraction of deposition within the EMEP region are indicated (Fig. 3.41d).

Detailed information on source-receptor relationships between all EMEP countries is also available in
the database on the website along with other data on heavy metals and POP pollution of the EMEP
domain (http://msceast.org/index.php/pollution-assessment/emep-domain-menu/data-hm-pop-

menu).

81


http://msceast.org/index.php/pollution-assessment/emep-domain-menu/data-hm-pop-menu
http://msceast.org/index.php/pollution-assessment/emep-domain-menu/data-hm-pop-menu

3.5. Information for exposure assessment

3.5.1. Ecosystem-specific deposition of heavy metals

Heavy metals depositing to the underlying surface from the atmosphere negatively affect terrestrial
and aquatic ecosystems [Naeem et al., 2020]. Adverse effects of heavy metals on human health are
also well documented [Mitra et al., 2022; ECHA, 2013; ECHA, 2018; Rice et al., 2014; Karcioglu and
Arslan, 2019]. Effect-based approach aimed at establishing link between atmospheric deposition and
impact of heavy metals on human health and biota was developed by the Working Group of Effects.
According to this approach, concentrations of heavy metals in soils above which effects are expected,
were determined [de Vries et al., 2015a,b; CLRTAP, 2017]. These concentrations are called critical
limits. The approach assumes steady-state conditions, i.e. sources of heavy metals in soils are
balanced by sinks. One of the sources is atmospheric deposition. Deposition flux providing steady-
state critical level is critical load. If actual deposition flux exceeds critical load, the difference is called
exceedance [Hettelingh et al., 2015].

For the support of WGE with the development of critical load, ecosystem-dependent deposition
fluxes are calculated. Critical loads differ for particular ecosystems. Besides, dry deposition velocities
also depend on types of the underlying surface (http://msceast.org/index.php/j-stuff/glemos). The

calculations were carried out for 17 types of land cover (forests, arable land, urban area, water
surface etc.). Modelled ecosystem-specific deposition fluxes for each EMEP country in 2020 are
available on the MSC-E website (https://www.msceast.org/pollution-assessment/emep-countries-

menu) and in Supplementary Data Report [Strizhkina et al., 2022a].

Figure 3.42 demonstrates example of Pb deposition fluxes to croplands (a) and mixed forests (b). As
seen, the fluxes to the underlying surface covered with low vegetation (i.e., croplands) are lower
than the fluxes to the surfaces with high vegetation (mixed forests). Deposition flux of Pb to
croplands in the western and central parts of Europe varies from 200 to 500 g/km?/y, while the flux
to mixed forests ranges from 300 to 1000 g/km?/y. Similar to the field of total Pb deposition (Fig.
3.42), the highest fluxes are noted for the southern part of Poland, north-western part of Germany,
north of Italy. The lowest fluxes take place over the Scandinavian Peninsula, Finland and north of

Russia.
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Fig. 3.42. Annual deposition flux of Pb to croplands (a) and mixed forests (b) in 2020.
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Mean deposition fluxes of Pb to all land-cover types considered by the model are demonstrated in
Fig. 3.43. Mean deposition flux is split into wet and dry component, and range between minimum
and maximum country-averaged deposition flux is indicated. The highest mean deposition flux
(about 900 g/km?/y) in 2020 was noted for evergreen broadleaf forests. In general, relatively high
deposition levels occurred over forests (except deciduous needleleaf forests) and urban areas, while
the lowest fluxes (about 100 g/kmz/y) took place over snow/ice, bare lands, open shrubs and
wetlands. Besides, low deposition is noted for deciduous needleaf forests. The reason for this was
the location of these forests mostly in the western part of Siberia, where large emission sources are
scarce. However, upper limit of deposition range is quite similar to that of other types of forests. It is
interesting to note that contribution of dry deposition to total deposition in forests (30 — 65%) is
much higher than that to other land cover types (5- 20%). Relatively high deposition to urban areas is
explained by their close location to main emission sources.
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Fig. 3.43. Deposition (wet and dry) flux of Pb to various ecosystem types within the EMEP domain in 2020.
Bars show average value for all EMEP countries; whiskers show range of deposition flux variation (minimum
and maximum values) among the EMEP countries.

The most recent estimates of critical load exceedances of heavy metal deposition are related to 2010
[de Wit et al., 2015]. In order to evaluate up-to-date effect of heavy metal deposition on human
health and biota new estimates of the exceedances are needed.

3.5.2. Exceedances of air quality guidelines for PAHs

Results of model simulations and measurements of PAH pollution levels in the EMEP domain were
used to evaluate population exposure to high levels of concentrations exceeding air quality
guidelines. Several threshold values were established in European Union for B(a)P as an indicator
compound (European Directive 2004/107/EC). The threshold values include target value of B(a)P air
concentration equal to 1 ng/m?® as well as the upper and lower assessment thresholds (UAT and LAT)
equal to 0.6 and 0.4 ng/m” respectively. Along with this, the reference level of 0.12 ng/m? for B(a)P
has been defined by World Health Organization (WHO) as a level of air concentrations corresponding
to the excess lifetime cancer risk level of 10~ [WHO, 2017].
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Modelled annual mean B(a)P air concentrations for 2020 are shown in Fig. 3.44a. Based on these
data amount of population in the areas, where levels of concentrations exceeded air quality
guidelines, was estimated (Fig. 3.44b). Data on gridded distribution of urban and rural areas have
been adapted from the outcome of the project GRUMP1 [SEDAC, 2011].
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Fig. 3.44. Spatial distribution of annual mean B(a)P air concentrations for 2020 (a) and
percentage of urban and rural population of the EMEP countries in the areas with annual
mean B(a)P air concentrations in 2020 exceeding the EU limit values and WHO reference level

(b).

Model estimates show that about 8% of the population of EMEP countries in 2020 were in areas with
exceeded EU target level for annual mean B(a)P air concentrations. The upper assessment thresholds
(UAT) and lower assessment thresholds (LAT) values were exceeded in the areas with about 15% and
25% of population, respectively. The WHO Reference level was exceeded for about 66% of
population of EMEP countries.

To evaluate population exposure to mixture of 4 PAHs the approach based on toxic equivalency
factors was used [Liu et al., 2019]. Information on toxic properties is available for some of the PAH
compounds that allows to define specific toxic equivalence factors (TEF) for them to characterize
their potent toxicity relative to that of B(a)P [ALS, 2013]. The TEFs can be applied to characterize the
carcinogenic potency of each considered PAH and calculate B(a)P equivalent concentration of PAH
mixture. Distribution of equivalent B(a)P concentration of the 4 PAHs (namely, B(a)P, B(b)F, B(k)F,
I(cd)P) in the EMEP domain calculated for 2020 is shown in Fig. 3.45a. B(a)P equivalent
concentrations are calculated as the sum of concentrations of individual PAHs multiplied by
corresponding values of TEFs. It is seen that model estimates of B(a)P equivalent concentrations
show higher percentage of population in the areas of exceeded EU target value and WHO reference
level, namely, 11% and 75%, respectively.
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Fig. 3.45. Calculated B(a)P equivalent concentrations of the sum of 4 PAHs in the EMEP region
for 2020 (a) and percentage of urban and rural population of the EMEP countries in the areas
with equivalent B(a)P air concentrations exceeding the EU limit values and WHO reference
level in 2020 (b).

Measurements of PAH air concentrations, performed by national monitoring networks in 2020 (EEA
air quality database AQ e-Reporting), show exceedances of air quality guidelines in the EU countries.
Averaged annual mean B(a)P air concentrations measured at several hundreds of national
monitoring stations in almost 30 countries are shown in Fig. 3.46.
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Fig. 3.46. Averaged annual mean B(a)P air concentrations observed in the EU countries in
2020. Whiskers denote the range from minimum to maximum values of measured B(a)P
concentrations. Red line indicates EU target value of B(a)P air concentration equal to 1

ng/ms3.

High levels of B(a)P air concentrations above the EU target value were observed in 2020 in 4 EU
countries, namely, Poland, Croatia, Czechia and Slovakia. It is seen also that exceedances of EU target
values for at least one of monitoring site took place in 11 EU countries. The most significant air
concentrations were observed at the urban background stations. In case of WHO reference level
exceedances of averaged annual mean B(a)P concentrations in 2020 took place in 25 countries.

The information on exceedances of the EU and WHO air quality guidelines for B(a)P as well as data
on B(a)P equivalent air concentrations of PAHs can be used to support activities of the Task Force on
Health and Working Group on Effects with regard to the analysis of population exposure to toxic
substances and their impacts on human health.
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3.6. Atmospheric loads to the marginal seas

Anthropogenic pollution of marine ecosystems is one of main environmental problems. This problem
is targeted both on national and international levels. In particular, protection of regional seas
surrounding the EMEP countries (the Baltic, North, Mediterranean, Black and Caspian Seas) is
coordinated by HELCOM, OSPAR, Barcelona Convention, Bucharest Convention, and Tehran
Convention, respectively. Besides, protection of waters around Europe is the aim of Marine Strategy
Framework Directive.

Information on atmospheric loads of heavy metals and POPs to the regional seas is summarized in
this section. Examples of deposition fluxes and contributions of emission sources to deposition to the
seas are given for Cd, Hg, HCB and PCB-153. More detailed data on the atmospheric loads to the seas
are available in the Supplementary Data Reports [Strizhkina et al., 2022a; Strizhkina et al., 2022b]. In
addition to this, special sections of this report are focused on pollution of the Baltic Sea (Section
5.2.2) and the North-East Atlantic area including the North Sea (Section 5.2.3).

Deposition of heavy metals and POPs to the marginal seas in 2020 differs markedly depending on
location of emission sources and peculiarities of atmospheric conditions. The highest mean
deposition flux of Cd is noted for the North Sea (Fig. 3.47a). The same situation takes place for Pb.
Contribution of Cd anthropogenic sources varies from about 25% for the Mediterranean Sea to
around 60% for the Baltic Sea. The contribution of secondary sources ranges from 20% to 50%.
Significant contribution of secondary sources to total deposition is caused by wind suspension of sea
spray aerosols, containing Pb and Cd. Further deposition of the metals, suspended with the sea spray
makes large contribution to total deposition. In case of the Mediterranean and Caspian Seas large
contribution to deposition from secondary sources is made by wind-blown dust form deserts of
Africa and Asia, respectively.

The highest deposition flux of Hg (6.5 g/km?/y) is noted for the North Sea, and the lowest one (3
g/km?/y) for the Caspian Sea (Fig. 3.47b). The difference can be attributed to the distribution of
atmospheric precipitation over the EMEP region. Precipitation sums over the North Sea are higher
than those over the other seas. Unlike Pb and Cd, the main contribution to Hg deposition to the
marginal seas is made by non-EMEP sources. However, it is worth mentioning that deposition of Hg
from non-EMEP emission sources can include some share of the EMEP anthropogenic emissions,
which left the EMEP domain and then returned back due to long residence time of Hg in the
atmosphere. Therefore, the contribution of Hg from non-EMEP emissions sources can be somewhat
overestimated.

The highest mean deposition flux of HCB takes place in the Baltic Sea (0.45 g/km?/y), and the lowest
one in the Mediterranean Sea (about 0.3 g/km®/y) (Fig. 3.47c). Unlike most of heavy metals and
POPs, deposition of HCB is almost fully presented by contributions of re-emission and non-EMEP
sources, whereas the contribution of the EMEP anthropogenic sources is below 1%. Due to strong
restrictions anthropogenic emissions in the EMEP region significantly declined, and the main source
of HCB is re-emission from soils of HCB accumulated over the previous decades. Deposition flux of
the re-emitted HCB contributes 55 — 80% to total deposition over the marginal seas. Other significant
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contributor is atmospheric transport through the domain borders from the sources located outside
the EMEP region.
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Fig. 3.47. Mean deposition fluxes (left) and relative contribution of various source types to deposition (right)
of Cd(a), Hg(b), HCB(c) and PCB-153(d) to the marginal seas of the EMEP region in 2020.
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The highest deposition flux of PCB-153 occurs over the North Sea, while the Caspian Sea is
characterized by the lowest deposition flux (Fig. 3.47d). This difference of deposition fluxes is
explained by distribution of emission sources. In particular, countries surrounding the North and the
Baltic Seas are characterized by higher emissions compared to those located near the Caspian Sea. As
a result, contributions of anthropogenic emission sources as well as secondary sources to deposition
of PCB-153 to the North and the Baltic Seas are higher than the contributions to the Caspian Sea.

The main factors affecting spatial distribution of heavy metal and POP deposition to the marginal
seas are location of main emission sources and regional meteorological peculiarities. Figure 3.48
demonstrates examples of spatial distribution of Hg and PCB-153 annual deposition flux to the
Mediterranean Sea. There are two areas of elevated (> 10 g/km?/y) Hg deposition to the
Mediterranean Sea. The deposition over the area to the east of Greece (the Aegean Sea) is explained
mainly by significant emissions in Greece, compared to other countries of the Mediterranean region.
Another area is the eastern part of the Adriatic Sea. High Hg deposition fluxes in this region are
mainly explained by high precipitation amount along the eastern Adriatic coast (Fig. 3.48a). In the
southern part of the Mediterranean Sea Hg deposition is relatively low (around 3 g/km?/y) mostly
due to arid climatic conditions.

Among the Mediterranean countries the most significant EMEP anthropogenic emissions of PCB-153
take place in Italy, France and Spain (Fig. 3.48b). Besides, large non-EMEP emissions occur along
Algerian and Libyan coasts. The same source areas are also characterized by the annual highest re-
emission flux in 2020. Therefore, the highest PCB-153 deposition fluxes to the Mediterranean Sea are
noted in the western part of the sea, especially along coasts of the southern France, Italy, Spain and
North Africa. The lowest PCB-153 deposition is estimated in the southern and eastern parts of the
sea. Similar results for other considered pollutants and the seas are presented in the Supplementary
Data Reports [Strizhkina et al., 2022a,b].
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Fig. 3.48. Deposition flux of Hg (a) and PCB-153(b) to the Mediterranean Sea in 2020.
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3.7. Pollution of the Arctic

This section provides information on pollution of the Arctic by heavy metals (Pb, Cd, Hg) and POPs
(PAHs, PCDD/Fs, HCB, PCBs) in 2020. This information comprises the spatial distribution of total
deposition fluxes of heavy metals and POPs as well as net Hg deposition fluxes, which were
estimated using global-scale simulations. In case of Hg net deposition flux is used instead of total
deposition in order to take into account quick re-emission of Hg from snow surface during
Atmospheric Mercury Depletion Events (AMDEs) [Dastoor et al., 2022]. Besides, apportionment of
heavy metal and POP anthropogenic deposition to the Arctic area within the EMEP domain is given.
The borders of the Arctic area are defined according to the AMAP formulation.

Fig. 3.49. Total deposition fluxes of Pb (a) and Cd (b) and net deposition flux of Hg (c) to the
Arctic in 2020. Purple line denotes the border of the Arctic region adopted by AMAP, and
white line denotes a border of the EMEP domain.

In general, heavy metal deposition fluxes in the Arctic are much lower than those in temperate
latitudes. This can be explained by the remoteness of the Arctic from the main sources of emissions
located in Europe, Asia and North America, as well as the relatively low precipitation amount (Fig.
3.49). For instance, Pb deposition fluxes in 2020 for the Arctic region are in the range 10-100 g/km?*/y
while for the middle latitudes they are about 250 g/km?/y. Similar contrast can be noted for Cd
deposition fluxes in the Arctic ranging from 0.1 to 10 g/km?/y, whereas the fluxes over most of the
EMEP area varies from 5 to 60 g/km?/y. Higher deposition levels of Pb and Cd take place over the sea
surfaces of the Atlantic and Pacific Oceans due to higher precipitation amounts compared to central
and continental parts of the Arctic. Besides, over the oceans significant contribution to atmospheric
load is caused by re-suspension of trace metals with sea spray aerosols. Over the continental part of
the Arctic the higher deposition fluxes occur in the European sector, and the lowest ones in the
North American sector. It is explained mainly by distribution of anthropogenic emission sources.
Mercury is a global pollutant. Therefore the differences between Hg net deposition fluxes in the
Arctic and in other parts of the EMEP region are smaller. Net deposition fluxes of Hg range from 1 to
10 g/km?/y (Fig. 3.49c) over most of Arctic. Similar to Pb and Cd, higher levels occur over the Atlantic
and Pacific Oceans, and lower levels take place over land areas of the Arctic. The lowest net fluxes
are noted for the Canadian Arctic Archipelago, Greenland and the American sector of the Arctic
Ocean. The highest Hg net fluxes (> 10 g/km?/y) take place in the Barents Sea and near the south-
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eastern coast of Greenland. These high values are explained by combination of two factors, namely,
significant load due to AMDEs and substantial atmospheric precipitation.

Deposition fluxes of POPs in the Arctic are also generally lower than those in temperate latitudes. For
instance, B(a)P deposition fluxes in the Arctic are in the range 0.1-5 g/km?/y, while the fluxes over
most of the EMEP area vary from 2 to 150 g/km?/y. Over most of water areas B(a)P deposition fluxes
are below 0.1 g/km?/y. Some hotspots of elevated B(a)P deposition fluxes take place in northern
Canada, the eastern part of Russia and Kola Peninsula, which can be explained by the presence of
significant emission sources in these regions (Fig. 3.50a). For PCDD/Fs deposition fluxes in the Arctic
are much lower than in temperate latitudes, but some hotspots take place (Fig. 3.50b). Deposition
fluxes of PCB-153 range from 0.002 to 0.05 g/km?/y over land areas of the Arctic and North Atlantic.
Over the Arctic Ocean, most of Greenland and the Arctic part of the Pacific Ocean deposition the
fluxes are around 0.002 — 0.004 g/km?/y (Fig. 3.50c). The highest fluxes are noted for the north of
Europe (Scandinavian and Kola Peninsulas), Iceland and the central part of Alaska.

glkm2/y

<0.002

Fig. 3.50. Total deposition fluxes of B(a)P (a), PCDD/Fs (b) and PCB-153 (c) to the Arctic in
2020. Purple line denotes the border of the Arctic region adopted by AMAP, and white line
denotes a border of the EMEP domain.

The sources responsible for the deposition of pollutants in the Arctic were divided into three groups,
similar to the calculations for the EMEP region. They include anthropogenic emissions from the EMEP
countries, secondary emissions and non-EMEP sources. For Pb, the largest contribution to deposition
in the Arctic within the EMEP area is made by secondary sources (almost 60%) due to significant re-
suspension from the sea surface and remoteness of the Arctic from the main sources of
anthropogenic emissions (Fig. 3.51). The contribution of the EMEP anthropogenic sources to
deposition of Pb is about 27%. The contribution of secondary sources is significant also for HCB
(about 75%), PCB-153 (about 65%) and PCDD/Fs (about 45%), which can be explained by the re-
emission of historically accumulated pollutants in environmental media (soils, waters, etc). EMEP
anthropogenic sources are predominant in pollution of the Arctic by B(a)P and Cd (73% and 44%,
respectively). The contribution of non-EMEP sources in the Arctic region is the most significant for Hg
(over 90%), while for the other pollutants the contribution of this group of sources ranges from <1%
to 35%.
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Fig. 3.51. Relative contributions of the EMEP anthropogenic, secondary and non-EMEP
sources to deposition in the Arctic (within the EMEP domain) in 2020.
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Fig. 3.52. Source apportionment of heavy metal and POP anthropogenic deposition to the
Arctic (within the EMEP domain) in 2020.

The contribution of particular countries to heavy metal and POP deposition to the Arctic is illustrated
in Fig. 3.52. This contribution depends on a number of factors, such as magnitude of national
emissions of the country, the remoteness of sources from the Arctic, the physicochemical
characteristics of pollutants, meteorological conditions, etc. Russia makes the main contribution to
air pollution in the Arctic for all considered pollutants (about 30% for Pb, 35% for PCB-153 and 80%
for B(a)P). This is explained by the location of the large part of the territory of Russia and a number of
industrial sources within the Arctic region. For Pb, significant contribution is made by Kazakhstan
(27% for Pb), which has one of the highest levels of heavy metal emissions among the EMEP
countries. Therefore, in spite of its remoteness from the Arctic the contribution of its emission
sources to deposition in the Arctic is considerable. The substantial contribution of French and
German emission sources to deposition of PCB-153 in the Arctic can be explained by similar reasons.
For B(a)P, notable contribution is made by sources of Finland and Norway, which are located partly
within or close to the Arctic region.
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3.8. Global scale pollution by heavy metals and POPs

Pollution levels of heavy metals and POPs in the EMEP countries are determined by emission sources
located both inside and outside the EMEP domain. In case of contaminants, which are characterized
by long residence time in the atmosphere (e.g. Hg and some POPs), intercontinental atmospheric
transport can contribute substantially to the pollution of the EMEP region. Global-scale simulations
were performed to take into account contribution of non-EMEP sources to pollution levels in the
EMEP countries. The boundary conditions for the regional modelling were derived from the global-
scale simulations. In addition, the global-scale modelling results were also used for assessment of
heavy metal and POP pollution in other regions and over the globe in co-operation with other
international bodies (e.g. UN Environment, Stockholm and Minamata Conventions, AMAP, etc.) (see
Section 5.2 for details).

Figure 3.53 shows simulated global patterns of annual mean air concentrations of Pb, Cd and Hg’ in
2020. The highest air concentrations of Pb and Cd are estimated for Southeast and South Asia (above
15 ng/m? for Pb and 0.5 ng/m? for Cd), mainly because of large emissions in China and India (Fig.
3.53a and b). Elevated concentrations are also simulated in arid areas of the south-western part of
Asia, Middle East and Northern Africa due to significant wind re-suspension of heavy metals in these
regions. The lowest concentrations of Pb and Cd occur over the Arctic and Antarctic regions.
Concentrations of Pb and Cd near the western, northern and eastern borders of the EMEP domain
are lower by an order of magnitude than those in the middle of the domain. However, the
concentrations along the southern border are comparable with the levels in the EMEP countries.

Fig. 3.53. Global distributions of annual mean air concentration of Pb (a), Cd (b) and Hg?
(c) in 2020. White line depicts boundary of the EMEP region.

92



Air concentration of Hg® is more evenly distributed over the globe with lower concentrations (0.8-1.3
ng/m3) in the Southern Hemisphere and higher concentrations (1.3-2.5 ng/ma) in the Northern
Hemisphere (Fig. 3.53c). East and Southeast Asia are characterized by the highest Hg concentrations
(above 2 ng/m®) due to large anthropogenic emissions. High concentration levels are also obtained
for equatorial Africa, South America and Southeast Asia as a result of emissions from artisanal and
small-scale gold mining in these regions. In addition to this, elevated Hg concentrations are found
over Southern Europe and the western coast of North and South Americas because of natural
emissions from Hg-enriched soils. The lowest concentrations are simulated over the Southern Ocean
and Antarctica.

Simulated global distributions of B(a)P, PCDD/Fs, PCB-153 and HCB concentrations in air in 2020 are
shown in Fig. 3.54. The highest concentrations of B(a)P are estimated in East and South Asia, where
B(a)P levels can exceed 1 ng/m?® (Fig. 3.54a). Relatively high concentrations are also predicted in
some countries of Central, Eastern, and Southern Europe as well as in Central Africa. Other
continents and regions, namely, North and South America, Northern Africa and Australia are
characterized by lower concentrations (below 0.1 ng/m®). The highest levels of PCDD/Fs are
estimated in some areas of South and East Asia, and Central Africa (above 25 fg TEQ/m?) (Fig. 3.54b).
Concentrations of PCDD/Fs in Europe, North and South Americas, and Australia are generally lower
(below 10 fg TEQ/m?®) except for a number of hot spots in areas with significant emissions.

Fig. 3.54. Global distribution of annual mean air concentration of B(a)P (a), PCDD/Fs (b),
PCB-153(c), and HCB (d) in 2020. White line depicts boundary of the EMEP region.

Elevated air concentrations of PCB-153 are characteristics of Europe, North America and South Asia
(0.2-6 pg/m?) (Fig. 3.54c). In other regions, the levels of PCB-153 are mostly within 0.01-0.2 pg/m? in
the Northern Hemisphere and below 0.005 pg/m?® in the Southern Hemisphere. Spatial distribution of
HCB levels in air is more homogeneous due to its persistence and significant contribution of
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secondary emission (Fig. 3.54d). HCB concentrations mostly vary within 8-50 pg/m? in the Northern
Hemisphere and below 5 pg/m? in the Southern Hemisphere. The most significant levels (above 40
pg/m?®) are predicted for Europe and Western Siberia.

It should be noted that the global scale modelling of heavy metal and POP pollution requires reliable
and up-to-date global emission inventories. However, no or limited data on contemporary emissions
is available for some priority contaminants (e.g. Pb, Cd, HCB and PCDD/Fs). Thus, improvement of the
global-scale pollution assessment requires additional efforts for the development of global emissions
inventories for heavy metals and POPs in co-operation with other international bodies (UN
Environment, Stockholm Convention, Minamata Convention, etc.).
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Chapter 4. RESEARCH ACTIVITIES

4.1. Eurodelta-Carb activities

The Eurodelta-Carb intercomparison of B(a)P models was initiated by the TFMM in the beginning of
2021 in the framework of a broader scientific study, devoted to the modelling of secondary organic
aerosol and black carbon. The main objectives of the Eurodelta-Carb study on B(a)P are to analyze
performance of models and sources of uncertainties in the modelling results. The study is also aimed
to contribute to the refinement of B(a)P emissions from the combustion of fossil fuel and biomass
burning and to the further improvement of modelling approaches. Four regional chemistry transport
models were applied to simulate the concentrations of B(a)P in Europe. The modelled concentrations
were compared with the measurements of B(a)P carried out by the EMEP monitoring network.
Evaluation of the modelling results was performed in close cooperation with national experts in B(a)P
modelling. In this section, a summary of current progress in the analysis of the multi-model B(a)P
simulations is presented.

Model simulations setup and input data

The Eurodelta-Carb B(a)P modelling exercise is focused on the time period from the beginning of
December 2017 to the end of 2018. Simulations of B(a)P were performed using four chemical
transport models (CTMs): CHIMERE, GLEMQOS, MINNI and SILAM, being developed and applied by the
modelling teams of INERIS (France), CIEMAT (Spain), MSC-E (EMEP), ENEA (ltaly), and FMI (Finland) to
study air pollution levels on regional and national scales. All the models used a prescribed modelling
domain and gridded B(a)P annual emissions data for 2018, generated by CEIP (Fig. 4.1). Other input
data and parameterizations, such as meteorological input, intra-annual variations of B(a)P emissions,
emissions of other pollutants, boundary conditions, model parameterizations, and other parameters
of the model setup were specific to each model. The participating models have different degrees of
complexity with regard to B(a)P modelling. In particular, CHIMERE, GLEMOS, and MINNI consider
B(a)P as a reactive semi-volatile substance that

undergoes gas-particle partitioning and degradation in
the atmosphere due to chemical reactions with OH in
the gaseous form. Also, GLEMOS and MINNI include
the chemical reaction of B(a)P with ozone in
particulate form. All three models consider deposition
of gaseous and particulate B(a)P. In the case of SILAM,

the model simulations were carried out assuming that

B(a)P is an inert substance emitted to the atmosphere  Fig. 4.1. Eurodelta-Carb modelling
domain and spatial distribution of

in particulate phase and subject only to dry and wet
annual B(a)P emission fluxes for 2018.

deposition processes.

The program of model simulations includes the base case run for the specified time period with the
prescribed B(a)P emission data using independently defined model setups. In addition, a number of
sensitivity runs are also being discussed that can be used to analyse factors affecting B(a)P long-
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range transport and pollution levels (e.g. unified emission temporal profiles, B(a)P degradation in
particulate phase, modelling of B(a)P as an inert substance). In particular, model simulations treating
B(a)P as an inert substance have been performed by the GLEMOS and SILAM, and will be analysed
later in the study.

Modelling results and analysis

Spatial distributions of annual mean total B(a)P air concentrations, simulated by CHIMERE, GLEMOQOS
MINNI and SILAM for the base case run for 2018, are shown in Figure 4.2. The three models that
treat B(a)P as a reactive semi-volatile substance predicted similar patterns of B(a)P pollution levels
for most regions in Europe. SILAM, on the other hand, that treats B(a)P as an inert substance,
estimated substantially higher concentrations. The largest concentrations were estimated by all
three models for the countries in Central Europe as well as for Northern Italy and some areas in
Eastern Europe. The lowest concentrations were predicted for the countries of Northern Europe and
remote areas. In general, relatively higher concentrations were simulated by SILAM, followed by
CHIMERE GLEMOQOS and MINNI. Other than the fact that SILAM treats B(a)P as an inert substance, the
differences between the simulated B(a)P concentrations may be attributed to the effect of different
model parameterizations applied (e.g. for gas-particle partitioning, degradation, and deposition
processes) as well as the different meteorological inputs. Additional contributions could also have
been made by different emission temporal profiles and concentrations of reactants used in the
models to estimate B(a)P chemical transformations.

ng m3
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I 0.07- 0.1
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Fig. 4.2. Maps of annual mean modelled total (gaseous + particulate phase) B(a)P
atmospheric concentrations in 2018 simulated by CHIMERE (a), GLEMOS (b), and MINNI (c)
and SILAM (d) for the base case model run. For the comparison, observed total and
particulate phase B(a)P concentrations, reported by the EMEP monitoring stations, are
shown as colored circles and squares, respectively, on the same scale as the modelled values.
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Evaluation of the model output against measurements for the base case model run was carried out
using the data of 29 EMEP monitoring stations for the year 2018. Of these, 9 stations located in
Central and Northern Europe measured total B(a)P concentrations, whilst B(a)P concentrations in
particulate form were measured at 20 stations covering a wider geographical area (Fig. 4.2).

For the model-measurement comparison (excluding SILAM), the daily mean modelled total or
particulate phase concentrations, depending on the type of measurement, were extracted from the
model output files for the station locations. Modelled values were then averaged to the temporal
resolution and periods of the observations (e.g. daily or weekly). A summary of the statistical analysis
of the modelled and observed annual mean B(a)P concentrations is presented in Table 4.1. All the
models reproduced the spatial pattern of observed total and particulate B(a)P concentrations well
with correlation coefficients (R) of 0.84-0.96. CHIMERE and GLEMOS tended to slightly overestimate
observed total B(a)P levels with a mean bias of about 4%, whereas MINNI underestimated the
measured values with a mean bias of -53%. For the particulate B(a)P concentrations, CHIMERE
overestimated concentrations with a mean bias about 9%, while GLEMOS and MINNI underestimate
the observed concentrations with mean biases of -19% and -52%, respectively. Estimated total B(a)P
concentrations were within a factor of 2 of the measured values for 89%, 78%, and 11% of
monitoring stations for CHIMERE, GLEMOS, and MINNI, respectively, whereas for B(a)P in particulate
phase they were within a factor of 2 for 80%, 70%, and 40% of monitoring stations. The fraction of
model values that were within a factor of 3 from measurements is larger. In particular, modelled
concentrations of CHIMERE and GLEMOS were within the agreement of a factor of 3 for all the
stations that measured total B(a)P concentrations, and for 90% and 85%, respectively, for stations
that measured particulate B(a)P concentrations.

Table 4.1. Summary of statistical metrics, calculated on the basis of annual mean total and
particulate phase B(a)P air concentrations for 2018, observed at EMEP monitoring stations
and estimated by CHIMERE, GLEMOS and MINNI in the base case model run.

Models VELT NMB*® R® RMSE’® F2° F3°
(ng m”) (%) (ng m”) (%) (%)

Total B(a)P concentrations (9 stations), mean observed 0.116 ng m?

CHIMERE 0.120 3.9 0.93 0.058 89 100

GLEMOS 0.121 4.3 0.91 0.087 78 100

MINNI 0.054 -53.3 0.86 0.090 11 22

Particulate B(a)P concentrations (20 stations), mean observed 0.156 ng m™

CHIMERE 0.170 8.9 0.84 0.128 80 90

GLEMOS 0.126 -19.3 0.96 0.095 70 85

MINNI 0.075 -52.1 0.93 0.168 40 70

? NMB is normalized mean bias; R is the spatial correlation between modelled and observed concentrations; RMSE is the
root mean square error; F2 and F3 represent fractions of sites for which the modelled value is within a factor of 2 and 3,
respectively, of the observed value.

The evaluation of annual mean modelled B(a)P concentrations against the measurements of total
and particulate B(a)P concentrations from individual EMEP monitoring stations is shown in the
scatter plots in Figure 4.3. An overestimation of observed particulate B(a)P concentrations was found
for two Spanish stations ESO008R and ES0014R for all three models. For other stations, different
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kinds of discrepancies were obtained. In particular, for CHIMERE, an overestimation by more than a
factor of 2 was found for the stations GBO0O48R, GB1055R, and NLOO91R that measured particulate
B(a)P. In the case of GLEMOS, the largest underestimation (more than a factor of 3) was found for
total B(a)P observed at DEOOO9R and FIO036R, and for particulate B(a)P at FRO023R and FROO25R. In
case of MINNI, the greatest deviations (underestimation by more than a factor of 5) were found for
the stations DEOOO1R, DEOOO9R, and FIO036R that measured total B(a)P, and for LVOO10R and
FRO023R that measured particulate B(a)P.

The scatter plots indicate that CHIMERE modelling results have the highest regression slope value
(0.81) followed by GLEMOS (0.77) and MINNI (0.44). The scattering of modelled-observed pairs is
best for GLEMOS (coefficient of determination 0.88) compared with MINNI and CHIMERE (0.83 and
0.80, respectively).
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Fig. 4.3. Scatter plots on a log-log scale of the comparison of modelled B(a)P air
concentrations (total and particulate) simulated by CHIMERE (a), GLEMOS (b), and MINNI
(c) for the base case model run with measurements of EMEP monitoring stations in 2018.
The region between the dashed lines indicates the model estimates within a factor of two of
the measured values and the solid line is the linear regression of all data points. Total B(a)P
concentrations are shown as red circles and particulate B(a)P concentrations are shown as
blue squares. The stations, for which the models have the largest deviations from the
measurements, are indicated by their names.

Figure 4.4 shows examples of modelled and observed B(a)P time series for two EMEP monitoring
stations, namely, CZO003R and PLOOO9R that measured total and particulate B(a)P concentrations,
respectively. For these stations, the comparison of modelled and observed concentrations shows, in
general, a good level of agreement. Model estimates capture the high levels of observed
concentrations in the cold season, and low concentrations in the warm season, as well as peak
concentrations. However, in some of the episodes, especially in winter months, the models
underestimate measured concentrations. Differences between the modelled and measured intra-
annual variations of B(a)P concentrations may be explained both by an underestimate of emissions
and by the uncertainties in the temporal disaggregation of B(a)P emissions that were applied in the
model simulations.
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Fig. 4.4. Intra-annual variations of total B(a)P air concentrations, observed at the EMEP
station CZ0O0O03R (a), and particulate B(a)P concentrations, observed at the station PLOO0O9R
(b), and the total and particulate B(a)P concentrations simulated by CHIMERE, GLEMOS, and
MINNI in the base case model run for 2018.

This preliminary analysis of model simulations with prescribed officially reported B(a)P emissions
demonstrates a generally reasonable level of agreement between model estimates and both annual
mean observed B(a)P concentrations and their intra-annual variations. On the other hand, for some
of the stations, modelled concentrations significantly deviated from the observed values indicating
possible uncertainties in emission estimates, modelling approaches and measurements. More
detailed analyses are, therefore, required to explore the reasons for the differences between the
outputs of participating models and substantial over- and underestimates of observed B(a)P
concentrations for some of the stations. The next stage of the study will focus on the sensitivity
analyses, an evaluation of the meteorological drivers and an analysis of other model outputs such as
B(a)P concentrations in precipitation and deposition fluxes and concentrations of species affecting
B(a)P chemical transformations in the atmosphere.

4.2. Contaminants of emerging concern

Contaminants of emerging concern (CECs) comprise a wide range of substances having potential to
adversely affect wildlife and human health. Many of CECs are being used in consumer and personal
care products and in building materials. CECs include new POPs recently started to be regulated and
characterized by limited data on their pollution levels, fate and effects, and substances which are
currently unregulated due to the properties falling partly outside existed criteria to be considered as
POPs. In spite of limited knowledge, significant attention is paid to the CECs in recent and ongoing
research activities including monitoring and assessment of their distribution in the environment and

potential risks.

Some of the CECs are included in the annexes of the Stockholm Convention and are listed by AMAP,
HELCOM, OSPAR for the analysis of their pollution levels, exposure assessment, and regulatory
activities. Selected CECs were added to the CLRTAP POP Protocol for regulation of their production
and use, namely, hexachlorobutadiene (HCBD), octabromodiphenyl ether (octa-BDE),
pentachlorobenzene (PeCB), pentabromodiphenyl ethers (PBDEs), perfluorooctane sulfonates
(PFOS), polychlorinated naphthalenes (PCN) and short-chain chlorinated paraffins (SCCPs). Ambient
concentrations of CECs (e.g. of PBDEs, SCCPs, and per- and polyfluoroalkyl substances (PFAS)) are
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being monitored at EMEP monitoring stations in Northern Europe in accordance with the new EMEP
monitoring strategy [ECE/EB.AIR/144/Add.1]. Besides, national monitoring networks carry out
measurements of selected CECs in mosses in framework of ICP-Vegetation Programme activities.
Furthermore, preparatory work for evaluation of CEC pollution levels, transport and fate in the
environment is performed in accordance with the EMEP work plan for 2022-2023. As a part of this
activity, a workshop on CEC monitoring and model assessment is planned to be organized in 2023 in
co-operation with TFMM, TF HTAP and CCC.

In framework of co-operation with HELCOM, MSC-E carried out compilation of information on some
of the CECs (e.g. SCCPs, PFQOS, (hexabromocyclododecanes (HBCDDs), PBDEs) with the focus on the
Baltic Sea area. In this section an overview of information on these substances including regulatory
activities, their production, usage and emissions, as well as results of monitoring and model
assessment of their transport and fate in the environment are presented. More detailed information
can be found in the Joint reports of the EMEP Centres for HELCOM [Gauss et al., 2021].

Short-chain chlorinated paraffins (SCCPs)

Chlorinated paraffins (alkanes) are a group of saturated hydrocarbons with different chlorine content
and different length of carbon chain. Short-chain chlorinated paraffines comprise a complex mixture,
which are characterized by a carbon chain-length from 10 to 13 carbon atoms and the degree of
chlorination of more than 48% by weight. Assuming that SCCPs do not contain dechlorinated carbon
atoms and branched chains, there can be 7820 SCCP isomers and 46 congener groups [Diefenbacher
et al., 2015, Krogseth et al., 2013].

SCCPs are considered as substances posing risk both for human health and the environment.
International Agency for Research on Cancer (IARC) has classified SCCPs with average carbon chain
length 12 (C12) and average chlorination 60% as possible carcinogens for humans (group 2B) [IARC,
1990]. In accordance with the EU REACH (1907/2006/EC) and CLP Regulation (1272/2008/EC), SCCPs
are classified as carcinogens (Category 2), as very toxic to aquatic life with long lasting effects
(Category 1), and as persistent, bioaccumulative, and toxic substances (PBT).

Regulation

Taking into account hazardous properties, SCCPs are included in the work programs of various
national and international activities, aimed to collect the information on their environmental levels
and trends as well as to develop measures for the restriction of their usage and reduction of
emissions. SCCPs are recognized as contaminants of concern by the CLRTAP (since 2009) and
Stockholm Convention (since 2017). Besides, SCCPs are considered as pollutants of priority action
and specific concern in the regulatory activities of OSPAR and HELCOM. In the European Union, the
manufacturing, placing on the market and use of SCCPs shall be restricted in accordance with the
Article 3 of the EU Regulation (EU) 2019/1021 on POPs.
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Production, use, and emissions

Technical mixtures of SCCPs have been widely used in Europe, America, Asia, Australia, and South
Africa. The major areas of chlorinated paraffins usage include application in metal working fluids or
lubricants, water repelling agents, flame retardants, and plasticizers. SCCPs were used in the
production of polyvinyl chloride and consumer goods on its basis, for filling of expansion and
movement joints in building and general engineering, filling of joints for protection from spillages,
and in other areas where resistance to water, chemicals, alkalis, solvents and biological agents was
required. Besides, SCCPs were used in sealants, rubbers, textiles, paints and coatings [Fiedler et al.,
2010; Lassen et al., 2014].

Large-scale commercial production of chlorinated paraffins (CPs) was initiated in USA in 1930s. Since
1977 they started to be produced also in Europe and Japan. The highest volume of production was
reached after 2006, when China increased sharply manufacturing of CPs. SCCP releases to the
environment can occur at all stages of their life cycle including production, formulation, use, and
disposal [Breivik et al., 2012]. However, it is widely believed that production and application of SCCPs
for manufacturing of other products take place in the closed systems, thus main releases of SCCPs to
the environment can take place at the use and disposal stages.

Although SCCPs are included in the Protocol on POPs to LRTAP Convention, no officially reported
information on their emissions to the atmosphere is currently available, since SCCPs are not
considered to be subject to emission reporting obligations under the Convention in accordance with
the Guidelines for Reporting Emissions and Projections Data under the Convention [UNECE, 2014]. As
an exception, the inventory of SCCP emissions in Finland [Finland, 2021] can be noted. The European
Pollutant Release and Transfer Register (E-PRTR) contains specifications for the reporting of SCCP
releases to the environmental compartments. However, SCCP emissions to the atmosphere are not
currently submitted by the EU countries. At the same time, it can be noted that under the Stockholm
Convention, development of the guidance on preparing inventories of SCCP releases was initiated.
Developed methodology for the inventory of SCCP emissions was made available at the end of 2020
[UNEP, 2021].

Monitoring

In accordance with the EMEP monitoring strategy for the period 2020-2029 [ECE/EB.AIR/144/Add.1],
it is recommended to monitor SCCPs at the research-based stations (Level 3). Chlorinated paraffins
were included in the monitoring campaigns of several countries in Northern Hemisphere [Sebkovd et
al., 2021; Harner et al., 2021]. In Norway, measurements of SCCPs are carried out at the Zeppelin and
Birkenes stations. In the period 2017-2019, measured concentrations varied from 60 to 900 pg m™.
Over these three years, some decrease of pollution levels by 30% - 40% was indicated at these two
stations. In Sweden, concentrations of SCCPs in air have been regularly monitored at the stations Ra6
and Aspvreten since 2009. In 2009-2017, SCCP pollution levels ranged from 7 to 220 pg m™ at R&o,
and from 6 to 2100 pg m™ at Aspvreten. No clear temporal trend in airborne SCCP concentrations
was observed at these stations. However, for the past two years a slight decrease of SCCPs in air can
be noted [Swedish EPA, 2020].
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Data on SCCP content in atmospheric deposition have been reported by Swedish stations since 2009
[Swedish EPA, 2020]. Sampling was carried out at two stations Raé and Aspvreten 4 times a year.
Average annual deposition of SCCPs varied over a wide range from 4.3 to 840 ng m™ day™ at Ra6 and
from 1.6 to 190 ng m™” day™ at Aspvreten [Fredricsson et al., 2018]. The maximum SCCP deposition
flux was observed at Rao in December 2015, while in subsequent years deposition fluxes at this
station decreased significantly.

Modelling

Distribution, transport and fate of SCCPs in the environment was investigated using several multi-
media models [Vulykh et al., 2007; Gluge et al., 2013; Gawor and Wania, 2013; Krogseth et al., 2013;
Chen et al., 2019]. A number of aspects related to environmental pollution by SCCPs was studied
including physical-chemical properties, emissions, and approaches to describe their fate. It should be
noted that model assessment of chlorinated paraffins represents a challenging task due to the
complexity of composition of their mixtures [Chen et al., 2019] and wide range of variations of
isomers properties that leads to remarkable variability of their behaviour in the environment [Gawor
and Wania, 2013].

Estimates of long-range transport potential and persistence in the environment for selected SCCPs
were obtained using numerical multi-media model MSCE-POP [Vulykh et al., 2007]. The model
predictions using conventional point emission source in Europe showed atmospheric half-lives of the
selected three isomers in the range from 2 to 4 days, and transport distance in the atmosphere from
1700 up to 2600 km.

Systematic investigation of the SCCP physico-chemical properties was carried out in the study [Gliige
et al., 2013]. The study of [Gawor and Wania, 2013] describes an approach to analyze variability of
physical-chemical properties of individual isomers within the complex mixtures (e.g. SCCPs),
determined using quantitative structure—property relationships methods.

Investigation of environmental fate of SCCPs in the western part of the Baltic Sea region was carried
out using the combination of environmental fate model CoZMoPOP and bioaccumulation model ACC-
HUMAN [Krogseth et al., 2013]. The study indicated the large variability of environmental fates of
individual isomers within the group of SCCPs that needs to be taken into account in the assessment
of SCCP pollution. The global environmental fate of SCCPs was studied using a mechanistic fugacity-
based multimedia fate model BETR-Global [Chen et al., 2019]. The obtained results showed that the
effect of usage of single and multiple sets of SCCP physical-chemical properties was less remarkable
in areas with substantial emissions comparing to the areas with negligible emissions.
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Perfluorooctane sulfonic acid and its derivatives (PFOS)

Perfluorooctane sulfonic acid and its derivatives (perfluorooctane sulfonates) comprise a group of
fully fluorinated chemicals with eight carbons chain length, belonging to the larger group of
chemicals, known as per- and poly-fluoroalkyl substances (PFAS).

PFOS are substances of anthropogenic origin. They are widely distributed in the environment both in
the vicinity of emission sources and in the remote regions. PFOS can occur in the ionic form as a fully
fluorinated anion or as a part of PFOS-related substances, which can degrade and form PFOS [Brooke
et al., 2004]. For example, the precursors of PFOS are volatile PFAS.

Although PFOS are related to POPs, their physical-chemical properties differ markedly from those of
traditional POPs. PFOS do not undergo hydrolysis, photolysis or biodegradation in the environment,
and, hence, they are extremely persistent [OECD, 2002]. Compared to other POPs, PFOS and their
precursors are easier dissolved in water. Because of relatively low vapour pressure and small air-
water partition coefficient, PFOS themselves are not expected to volatilize significantly [UNEP, 2006].
Therefore, most likely they present in the atmosphere in particulate phase that was confirmed
experimentally by the study [Ahrens et al., 2012] demonstrated that about 90% of PFOS in air of
Toronto was bound to aerosol particles. However, a number of PFOS-related substances, e.g.,
precursors of PFOS, have much higher vapour pressure than PFOS itself. Therefore, the PFOS
precursors can volatilize and disperse in the atmosphere over the globe and degrade to PFOS even in
remote locations.

Regulation

PFOS are identified as highly persistent [Frémel et al., 2010; Young et al., 2010], potentially
bioaccumulative [Conder et al., 2008] and toxic substances [OECD, 2013]. Studies of PFOS in different
regions of the world indicated their widespread occurrence in the environment including the
presence in biota and humans [Giesy et al., 2001; Vestergren et al., 2009]. Since 2000, PFOS were
included in the work programs of various national and international organizations, aimed to collect
the information on their environmental levels and trends as well as to develop measures for the
restriction of their use (in particular, by CLRTAP, Stockholm Convention, OECD, AMAP, OSPAR and
HELCOM). PFOS are identified as priority hazardous substances by the EU Regulation (EU) 2019/1021
on POPs, Water Framework Directive (2000/60/EC), Directive on environmental quality standards in
the field of water policy (2008/105/EC), Directive on the quality of water intended for human
consumption (2020/2184), and Directive on Industrial Emissions (2010/75/EU).

Production, use, and emissions

PFOS and related substances are used in various industrial applications including metal plating,
production of fire-fighting foams, photographic processes, photolithography and semiconductors,
hydraulic fluids for aviation, treatment of metal, glass, leather and fabrics, etc. [OSPAR, 2006].
Manufacturing and disposal of PFOS causes their release to the environment. In order to evaluate
levels and trends of PFOS content in the environment, biota, and humans several inventories of their
production, application, disposal, and emissions were elaborated.
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Although PFOS is included in the Protocol on POPs to CLRTAP, no official emission data are collected
currently. Nevertheless, there is a number of research activities describing emission expert estimates
of PFOS and their precursors. According to [Paul et al., 2009] total global emissions of PFOS to air and
water for the period from 1970 to 2002 ranged from 450 to 2700 tonnes. Similar magnitude of
emissions (353 — 3252 tonnes) in the period 1957-2010 was estimated by Armitage et al., [2009].

The most recent global PFOS emission inventory [Wang et al., 2017] is based on new methodology,
the information and knowledge published in the literature as well as data reported to the UNEP
Stockholm Convention after 2009. PFOS emissions were estimated for the period 1958-2015 and
projections of emissions up to 2030. According to this inventory total direct and indirect emissions of
PFOS are estimated as 1228-4930 tonnes, and emissions of PFOS precursors as 1230-8738 tonnes.
The largest part of these emissions took place between 1958 and 2002. The subsequent period of
time is characterised by substantial decrease of emissions due to reduction of production of PFOS
and POSF-based products. At the same time, they are still produced in different countries and thus
can be released into the environment.

Monitoring

In accordance with the EMEP monitoring strategy for the period 2020-2029 [ECE/EB.AIR/144/Add.1],
per- and polyfluoroorganic compounds (PFAS) are classified as organic pollutants of growing concern.
It is recommended to monitor these compounds at the research-based stations (Level 3).

Information on concentrations of PFAS in air, observed at the EMEP stations, is available since 2013.
Measurements have been carried out at three Norwegian stations Birkenes, Zeppelin and Andgya, at
Finnish station Pallas/Matarova and at Swedish station R46. Observed annual mean concentrations
at Pallas were lower than the detection limit value [Aas and Bohlin-Nizetto, 2019, 2020]. In case of
R4, the measured values are substantially higher (0.36 — 1.46 pg m™) compared to those at other
stations.

Observed annual mean concentrations of PFOS, including measured monthly mean concentrations,
are available from the results of Norwegian national monitoring programme for the period from
2013 to 2019 [Nizzetto and Aas, 2014, 2016; Nizzetto et al., 2015, 2017, 2018, 2019, 2020]. Measured
concentrations range from 0.02 to 0.16 pg m™. Similar to the EMEP data, a large fraction of the
observed values is below the detection limit.

Measurements of PFOS at national monitoring network of Sweden have been carried out since 2009.
For the period from 2009 to 2015 PFQOS air concentrations ranged from 0.35 to 1.4 pg m~, and
concentrations in precipitation varied from 0.58 to 3.7 ng L™ at station R36 [Fredricsson et al., 2021].
The highest concentrations in air were observed in 2011 and 2013. Concentrations in precipitation
exhibit declining trend for 2009 — 2019 period.

AMAP monitoring network carried out measurements of PFOS in air. Along with the Norwegian Arctic
monitoring stations Zeppelin and Andgya, monitoring of PFOS was performed at the station Alert
[Wong et al., 2018]. It was shown that as much as 96% of measurements collected at Alert station
from 2006 to 2014 were above the detection limit, and median concentrations were 0.07 pg m™.
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Modelling

Several attempts have been made to model environmental levels of PFOS or its precursors. Most of
the works are focused on evaluation of the pollution levels in water bodies, and some take into
account atmospheric processes involving PFOS. Modified BETR model was applied to simulate fate
and transport of PFOS in the Bohai costal region (Northeastern China) [Lui at al., 2015]. It was shown
that soil and coastal waters are the most important sinks of PFOS in the considered region, storing
more than 90% of PFOS at steady-state conditions.

Zhang et al. [2017] investigated processes of transport, accumulation and temporal evolution of
PFOS in waters of Northern Atlantic using simulations of ocean circulation model MITgcm. Time-
dependent inventory of PFOS inputs from wastewaters was prepared for the period from 1958 to
2010. It was assumed that generation of PFOS from degradation of its precursors in the atmosphere
is insignificant. Evaluation of modelling results against measurement data showed general
underestimation (~75%) of the observed levels. Temporal long-term variability of PFOS levels
demonstrated increase until 2000s and further decline.

An effort to predict the long-term fate and concentrations of PFOS in water, sediment and fish of
San-Francisco Bay was made by Sdnchez-Soberdn et al. [2020], using the multi-box model originally
developed by Mackay [1994], which was adopted for simulations of PFOS. It was predicted that PFOS
concentrations exhibited exponential decline from 2009 to 2059, and about 500 years would be
required to reach stable concentrations of PFOS in sediments and fish.

In order to simulate long-term fate of PFOS and transport of volatile precursors to remote locations
(e.g Arctic) global CliMoChem model was applied by Armitage et al. [2009]. It was shown that air and
water concentrations of the pollutants increased from 1970 to 2000. Although concentrations of the
precursors in air and water dropped after 2000, concentrations of PFOS in the Arctic waters
continued to increase. Model assessment revealed the ability of PFOS to disperse over the global
scale reaching even remote regions of the Northern hemisphere.

Most of researches consider transport and dispersion of PFOS and related species taking into account
anthropogenic emissions or releases to water or air. A Norwegian Earth System Model (NorESM) was
used to simulate global-scale suspension of PFOS to the atmosphere via sea spray aerosols and
consequent atmospheric transport to land [Johansson et al., 2019]. Modelling of wind suspension of
sea spray aerosols from water surface allowed estimating emissions of PFOS in the range from about
40 to 800 tonnes per year which represented significant source comparing to anthropogenic

emissions.

General peculiarity of the available modelling studies for PFOS was the consideration of water bodies
as the main environmental compartment for their dispersion, while other compartments including
the atmosphere played less important role.
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Hexabromocyclododecanes (HBCDDs)

HBCDDs are the most often used brominated flame retardants throughout the world. Technical
HBCDD mixture consists of a number of sterecisomers. Main stereoisomers, namely a-HBCDD, j-
HBCDD and y-HBCDD have different physical-chemical properties which lead to the different
character of their behavior in the environment. The most complete information on physical-chemical
properties of HBCDD stereoisomers is available for y-HBCDD. Technical HBCDD products contain
about 10% of a-HBCDD, 5% of B-HBCDD and 80% - 85% of y-HBCDD. However, in biological samples
a-HBCDD is a predominant stereoisomer [Covaci et al., 2006; DEFRA, 2010].

Regulation

Toxicological and ecotoxicological properties of HBCDDs were intensively investigated beginning
from early 2000s. The EU CLP Regulation 1272/2008 marks them as reproductive toxicants. In other
notified classifications, submitted by industry enterprises, HBCDDs are considered also as toxic
compounds for aquatic wildlife. In 2013, HBCDDs were included into the Stockholm Convention for
elimination without specific exemptions. In May 2019 HBCDDs were included into Annex Il (List of
Banned or Restricted Chemicals) of Rotterdam Convention. The latter document classifies HBCDDs as
substances of very high hazard for aquatic toxicity (both acute and chronic), high persistence and
very high bioaccumulation potential. HBCDDs is a candidate for the inclusion into the Protocol on
POPs to the CLRTAP. HBCDDs are included as part of the brominated flame retardants group in the
List of Substances for Priority Action of the OSPAR Convention. Additional information on HBCDD
regulation can be found in [WHO, 2013].

Production, use, and emissions

HBCDD technical mixtures were mainly applied as additive-type brominated flame retardants (BFR)
for extruded and expanded polystyrene foams. Other applications include their use in crystal and
high-impact polystyrene, resins, textile, adhesives, and coatings. HBCDDs can enter the environment
at all stages of their life-cycle. Main pathways of emissions include production of BFRs or the
manufacture of flame-retarded products, leaching from consumer products, or following disposal as
wastes [Covaci et al., 2006; ECHA, 2009].

Monitoring

First data on the presence of HBCDD in the environment were obtained in the beginning of 1990s [De
Wit, 2002; Lee et al., 2016]. Most widely the presence of HBCDD in the atmosphere in Sweden and
Finland in 2000 — 2001 was investigated by [Remberger et al., 2004]. An urban site had
concentrations between 76 pg m™ and 610 pg m™ whereas the remote sites showed the
concentrations between less than 1 pg m™ and 280 pg m™.

During the recent decade measurements of HBCDD in Sweden and Finland were performed at two
EMEP sites Pallas and Ra6 in 2015-2018. Observed values of HBCDD concentrations ranged from less
than 0.1 pg m™ up to 10 pg m™.
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Modelling

A number of studies were recently performed to evaluate levels of HBCDD concentrations in the
environment using available modelling approaches. In particular, BETR-Global model [MacLeod et al.,
2011] with emissions estimates obtained using dynamic substance flow model CIP-CAFE [Li and
Wania, 2016; Li and Wania, 2017; Li et al., 2017] was used. As stated in Li and Wania [2017], BETR-
Global models succeeded in reproducing concentrations of sum of three main HBCDD isomers
observed at GAPS monitoring stations [Lee et al., 2016]. Besides, long-range atmospheric transport
potential and persistence of HBCDDs were evaluated using the MSCE-POP multicompartment
hemispheric transport model [Vulykh et al., 2009]. The model predicted that the residence time of
HBCDD mixture in the atmosphere was about 3 days and the transport distance was about 1800 km.

Concluding remarks and further activities

CECs comprise a large group of pollutants that are characterized by a wide range of physical-chemical
properties and different behavior in the environment. These substances are receiving increasing
attention in many international and national environmental organizations due to potential risk for
wildlife and human health. However, literature overview demonstrates, that information on physical-
chemical properties of CECs, on concentrations in environmental compartments, and on levels of
emission is not sufficient or lacking.

Model assessment of pollution by CECs requires more detailed monitoring data on their content in
the environment and temporal trends as well as elaboration of emission inventories. Besides, further
improvement of understanding of processes governing their fate is of importance for the assessment
of pollution levels (e.g. of gas-particle partitioning in the atmosphere, air-surface exchange,
degradation in media). Furthermore, improvements of existing modelling approaches are needed to
apply them for some of the new POPs and CECs (e.g. polar, ionizable compounds), which have
different behavior in the environment comparing to traditional POPs.

4.3. Mercury pollution: A case study for Norway

Mercury is known as a toxic pollutant capable of long-range transport and pollution of remote areas.
Long residence time in the atmosphere and ability to cycle among the environmental media
determine global character of Hg dispersion and significant pollution levels in regions located far
from emission sources (polar regions, open ocean, etc.). Recent studies of the Arctic pollution with
mercury [AMAP, 2021; Dastoor et al., 2022] showed that more than 98% of Hg pollution in the region
is transported from outside through atmospheric and oceanic transport. It leads to contamination of
terrestrial and aquatic ecosystems of the high latitude regions and northern countries.

A detailed study of Hg pollution on a country scale was performed for Norway as a part of the
Norwegian Mercury Assessment 2022 [NMA, 2022]. The study continues a series of country-scale
researches performed by MSC-E over the past decade and focused on analysis of heavy metal and
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POP pollution in selected EMEP countries (Croatia, the Czech Republic, the Netherlands, Belarus,
Poland, Germany, the UK, Spain and France). These studies are carried out in close collaboration with
national experts and involving detailed national data on observations and emissions.

In the current project MSC-E supported NMA 2022 with modelling data and participated in the
analysis of spatial patterns of Hg levels in Norway and adjacent seas, long-term trends of Hg
emissions, concentration and deposition to the country as well as Hg levels and trends in biota. A
summary of the research results is discussed below.

Data used

A variety of modelling data were involved to the analysis of Hg atmospheric pollution and trends in
Norway. Spatial patterns of Hg levels in the country were analysed using national-scale fine-
resolution simulations with the GLEMOS model (v2.2.2) for the years 2000, 2005, 2010, 2015 and
2019. The analysis of pollution trends over the period 1990-2019 was based on the long-term
regional GLEMOS simulations performed as a part of the project focused on assessment of heavy
metal pollution of the OSPAR maritime areas [llyin et al., 2022]. In addition to this, multi-model
global-scale simulations performed within the AMAP Mercury Assessment 2021 [AMAP, 2021] were
used for the analysis of Hg atmospheric loads to the North Atlantic and the Arctic aquatic regions.

The country-scale modelling results were evaluated against the EMEP monitoring data for stations
located in Norway and other Scandinavian countries. Detailed evaluation of the long-term regional
simulations is presented in [/lyin et al., 2022]. Description and evaluation of the global-scale results of
the multi-model ensemble are given in [AMAP, 2021; AMAP/UNEP, 2019]. Spatial distribution of Hg
deposition in Norway was compared with observed Hg concentrations in moss from the data
collected by ICP-Vegetation [Harmens and Norris, 2008; Harmens et al., 2013; Frontasyeva et al.,
2020]. Simulated Hg deposition to the marine areas was also compared with Hg measurements in
fish [Bank et al., 2021; Ho et al., 2021].

Spatial patterns

Modelled spatial patterns of Hg® air concentration and wet deposition in the Scandinavian region are
shown in Figs. 4.5 and 4.6 for 2000, 2010 and 2019 in comparison with observed levels at available
measurement sites. Air concentrations of Hg® slightly vary along the country with somewhat higher
concentrations in the southern part of the country, which is closely located to major European
emission sources, and lower levels in the northern part (Fig. 4.5). Besides, Hg® are somewhat higher
over the aquatic regions in comparison with terrestrial areas due to stronger Hg° dry deposition over
land through the vegetation uptake. There is evident concentration decrease between 2000 (1.3-1.6
ng/m?) and 2019 (1.2-1.4 ng/m?) that is confirmed by observations.
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Fig. 4.5. Spatial distribution of simulated Hg’ concentration over Scandinavia in 2000 (a), 2010 (b) and 2019
(c). Circles show measured values in the same colour palette.

The spatial distribution of Hg wet deposition is more complex and is largely determined by Hg
atmospheric chemistry and the precipitation pattern. Elevated levels of wet deposition (10-15
g/km?/y) occur over the Norwegian coast due to large annual precipitation and in other areas of
Scandinavia (5-10 g/km?/y) because of the effect of Hg oxidation in the atmosphere to soluble Hg"
forms, which are easily scavenged by precipitation. In general, temporal changes of Hg wet deposition
between 2000 and 2019 are smaller than spatial variability of the wet deposition levels over the
region.
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Fig. 4.6. Spatial distribution of simulated Hg wet deposition over Scandinavia in 2000 (a), 2010 (b) and 2019 (c).
Circles show measured values in the same colour palette.

Figure 4.7 shows maps of simulated Hg total deposition in Norway in comparison with measurements
of Hg concentration in moss for 2000 and 2015. The distribution of Hg deposition over the country
partly follows that of wet deposition (Fig. 4.7a and 4.7c). High deposition fluxes (above 16 g/km?/y)
occur in the most southern part of the country due to the proximity to significant emission sources in
Central Europe and over the Atlantic coast because of intensive precipitation and, consequently, large
contribution of wet scavenging. Worth noting that elevated Hg deposition levels estimated over the
coast in the most northern part of the country, which are due to the effect of the springtime
atmospheric Hg depletion events (AMDEs). As a result, no significant north-south gradient of Hg
deposition over territory of the country was found. The lowest deposition levels were estimated in the
middle of the southern and the inland northern parts of the country due to relatively dry climate.
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Fig. 4.7. Spatial distribution of simulated Hg deposition over the territory of Norway (a, c) and measured Hg
concentration in moss (b, d) in 2000 and 2015.

In general, the modelling results agree with measurements of Hg in moss (Fig. 4.7b and 4.7d) in terms
of areas with high and low Hg atmospheric loads. Elevated Hg concentrations in moss also observed in
the southern part and along the coast including the most northern areas. Lower levels are found in the
inland territories of the southern and northern parts of the country. There are also differences
between the estimates of deposition and concentrations in moss patterns. For instance, high Hg levels
in moss were observed in some locations in the southeast, around Oslo, which were not captured by
the model. Additional analysis is needed to reveal the reasons of the deviations.

Consumption of fish and other seafood is one of the major pathways of human exposure to Hg
pollution. Therefore, spatial variation of Hg deposition to marine regions of the North-East Atlantic and
the Arctic was compared with Hg concentration in marine fish measured in these regions (Fig. 4.8).
Mercury levels in fish generally correlate with Hg atmospheric loads. Both model and observations
demonstrate higher Hg levels in the coastal waters of the North and Norwegian Seas, Skagerrak strait,
and open waters of the North Atlantic. The lowest Hg deposition and concentration in fish levels are in
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the Barents Sea. It should be noted that beside atmospheric deposition Hg levels in fish depend on
many other factors that complicate the relationships.
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Fig. 4.8. Spatial distribution of simulated Hg deposition over marine regions of the North East Atlantic and the
Arctic adjacent to the Norwegian coast in 2015 (a) and measured Hg concentration in fish in 2006-2019 (scaled
value of the log-transformed level across all fish species, Ho et al, 2021) (b). (c) - comparison of average levels of
Hg deposition and concentration in fish in different marine regions.

Long-term changes of Hg levels in Norway were studied using variety of data including model
estimates, measurements in the atmosphere, mosses, and marine fish. Both modelling results and Hg
atmospheric measurements show relatively small reduction (17%) of Hg® air concentration (Fig. 4.9a)
over the past 30 years because of significant contribution of global emissions that have been slowly
changing. Somewhat larger decrease over the period (30%) is demonstrated by Hg wet deposition
measured and modelled at monitoring sites Birkenes/Lista located in the southern part of the country
(Fig. 4.9b). Mercury wet deposition is stronger affected by regional emissions in Europe, which have
been considerably reduced over the period.
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Fig. 4.9. Long-term trends of measured (average over sites Birkenes/Lista, Andoya and Zeppelin) and simulated
(average over Norway) Hg air concentration (a) and wet deposition at site Birkenes/Lista (b).

Average total (wet+dry) Hg deposition to the country (25%) undergoes slightly smaller decrease over
the 30-years period because of the influence of slowly changing deposition levels in the northern part
of the country (Fig. 4.10a). It is also confirmed by insignificant changes of Hg concentration in moss
averaged over the territory of the country. Similar reduction rate was estimated for Hg deposition to
the coastal area of the Norwegian Sea over the past 10 years (10%) (Fig. 4.10b). In contrast, Hg
concentration in fish (Greenland halibut) caught in this region have decreased rapidly over the same
period (60%). This difference shows importance of other factors, which can additionally affect Hg
levels in fish including fish migration, complexity of food web, individual diet, etc.
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Fig. 4.10. Long-term trends of average simulated Hg deposition and measured Hg concentration in moss in
Norway (a) and Hg deposition over the Norwegian Sea in comparison with Hg concentration in fish (Greenland
halibut, Bank et al,, 2021).

The performed country-scale study provides additional details of Hg pollution in Norway and could be
useful for the effectiveness evaluation of national and international pollution reduction measures.
Besides, further analysis of deviations between the modelling results and observations can help to
improve further the modelling approaches.
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4.4. PAH pollution: A case study for Poland

The case study for Poland continues a series of national scale case studies on PAHs [Gusev et al.,
2017; 2018; 2019] that were performed following the recommendation of the 2™ joint session of the
Working Group on Effects and the Steering Body to EMEP held in 2017. The study was initiated in
2020 after the meeting of EMEP and national experts in modelling and emissions of PAHs
(November, 2019). Main objectives of the study include:

1. Evaluation of the updated national PAH emission inventory reported to EMEP [Bebkiewicz et
al., 2020];

2. Analysis of PAH pollution levels and exceedances of air quality guidelines in Poland using
modelling results and detailed measurements.

Polish inventory of national PAH emissions was substantially updated in 2019-2020 following the
review recommendations of Task Force on Emission Inventories and Projections (TFEIP). Most of the
updates were associated with the refinement of emission factors in the NFR category 1A4 related to
the emissions from stationary combustion sources. Besides, time-series of total annual PAH
emissions for the period 1990-2018 were updated on the basis of the EUROSTAT statistical data.
These changes led to substantial increase of PAH emission estimates in the inventory submitted in
2020 comparing to the previous PAH emission estimates.

The first phase of the study was focused on the model assessment of B(a)P pollution in the country.
using three different emission data sets, based on national inventories and emission scenarios. The
model simulations with the scenario emissions allowed improving agreement between the model
and measurements and indicated possible underestimation of national B(a)P emissions in Poland.
The results were described in the EMEP Status Report on HMs and POPs [/lyin et al., 2021].

In the second phase of the study other 3 PAHSs of the Protocol, namely, B(b)F, B(k)F, and I(cd)P, were
considered. In particular, analysis and update of GLEMOS model parameterization for these 3
compounds was carried out. The GLEMOS model was used to evaluate previous and updated
national emission inventories of 3 PAHs. Besides, exceedances of air quality guidelines for PAHs were
estimated. Below in this section the outcome of the second phase of the study is briefly presented.

Refinement of GLEMOS model parameterization

As the initial step of the second phase, it was planned to analyze and update GLEMOS model
parameterization for B(b)F, B(k)F, and I(cd)P. Similar to B(a)P these PAHs are semi-volatile
compounds presenting in the atmosphere both in gaseous and particulate forms and undergo
reactions with atmospheric reactants. The most significant processes influencing their transport and
fate in the atmosphere include gas-particle partitioning and degradation.

In contrast to B(a)P, simplified parameterization of B(b)F, B(k)F, and I(cd)P gas-particle partitioning
(GPP) and degradation was implemented in the GLEMOS model. In particular, it was based on the
adsorption Junge-Pankow GPP scheme [Junge, 1977; Pankow, 1987]. The degradation was assumed
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to take place only in the gaseous form of PAHs due to reaction with OH radical. These simplifications
led to an overestimation of observed air concentrations, especially for the warm period of the year.

To improve performance of the model, the GPP parameterization was changed to the dual scheme
that includes absorption into organic matter and adsorption to black carbon [Dachs and Eisenreich,
2000; Lohmann and Lammel, 2004]. Besides, parameterization of PAH degradation in particulate
form was added based on the results of experimental studies [Kahan and Donaldson, 2006;
Kwamena et al., 2004, 2007]. Results of sensitivity model simulations showed noticeable
improvement of model performance for B(b)F, B(k)F, and I(cd)P (Fig.4.11).
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Fig. 4.11. Seasonal variations of B(b)F (a,d), B(k)F (b,e), I(cd)P (c,f) air concentrations for 2018, simulated
by the GLEMOS model on the basis of the previous and new model parameterizations, in comparison with
observed concentrations at stations PLOOO9R (upper row) and CZ0003R (lower row).

Model setup and input data

Model simulations for the PAH case study for Poland were carried out for the year 2018. Two
datasets of gridded anthropogenic emissions for each of three considered PAHs (B(b)F, B(k)F, I(cd)P)
were prepared for model simulations. The first dataset (PL_OLD) was constructed using the previous
national emission inventory of Poland for EMEP (submission 2019). In the second dataset emissions
of Poland were substituted by the new inventory (PL_NEW). For other EMEP countries emission data
for 2018 provided by CEIP (submission 2020) was used. Spatial distributions of annual emissions of
B(b)F, B(k)F, and I{cd)P used in model simulations are presented in Fig. 4.12.

It is seen that B(b)F and B(k)F emission estimates of PL_NEW inventory are higher comparing to
PL_OLD inventory. On the contrary, PL_NEW inventory provided lower I(cd)P emissions in
comparison to PL_OLD inventory.

Seasonal variations of PAH anthropogenic emissions for the GLEMOS model were generated for each
emission source sector using monthly temporal factors, based on the TNO estimates of the MACC
project [Denier van der Gon et al., 2011].
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Fig. 4.12. Spatial distribution of annual emission fluxes in 2018 according to PL_OLD inventory (a,b,c) and
PL_NEW inventory (d,e,f) of B(b)F, B(k)F, and I(cd)P, respectively (spatial resolution 0.1°x0.1°).

Modelling results and analysis

Results of model simulation were evaluated using measurement data of EMEP monitoring network
and of EEA AQ e-reporting database. Annual mean modelled air concentrations of B(b)F, B(k)F, and
I(cd)P for 2018, simulated using PL_OLD and PL_NEW emission datasets are shown in Fig. 4.13. The
largest differences between the simulated air concentrations can be seen over the territory of
Poland. Model simulations of B(b)F and B(k)F with PL_NEW emissions provided increased air
concentrations whereas simulations for I(cd)P resulted in lower air concentrations compared to
simulations with PL_OLD emissions.

Modelled air concentrations were compared with measurements of EMEP monitoring network and
background rural, remote, and suburban stations of EEA AQ e-Reporting made in 2018. Statistical
indicators of GLEMOS model performance in case of the use PL_OLD and PL_NEW emissions are
illustrated in Fig. 4.14. The use of the updated national emission inventory leads to noticeable
decrease of the model bias for B(b)F and B(k)F. Along with this, significant improvement of spatial
correlation between the modelled and measured values is obtained. At the same time, model
simulations of I(cd)P with updated emissions showed increase of model bias and decrease of spatial
correlation compared to the simulations with the previous emissions.
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Fig. 4.13. Annual mean modelled air concentrations of B(b)F, B(k)F, and I(cd)P in 2018 simulated using
PL_OLD emissions (a,b,c) and PL_NEW emissions (d,e,f), respectively (spatial resolution 0.1°x0.1°). Maps of air
concentrations are overlayed with annual mean observed concentrations of B(b)F, B(k)F, and I(cd)P for 2018
in the same scale as the modelling results (circles indicate EMEP stations, triangles — AQ e-reporting
stations).
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Fig. 4.14. Mean relative bias (a) and spatial correlation (b) between the measured and modelled annual
mean air concentrations of B(b)F, B(k)F, and I(cd)P for 2018 simulated using PL_OLD emissions and PL_NEW
emissions.

Results of model simulations with the new national emission inventory of 4PAHs for EMEP show that
it allows to achieve better agreement with measurements for B(a)P, B(b)F, and B(k)F and
improvement of accuracy of pollution assessment. At the same time, application of the new
emissions for I(cd)P did not lead to improvement of model estimates. Furthermore, the study
showed that modelling results still tend to underpredict observed air concentrations of the 4PAHs.
Thus, further activities to reduce uncertainties of the model assessment of PAH pollution are
required. They include refinement of emission estimates and model parameterizations of processes
affecting PAH fate in the atmosphere. Possible future steps of the case study can include multi-model
simulations, application of more detailed temporal and spatial disaggregation of PAH emissions, and
co-operation with national experts in monitoring, modelling, and emissions.
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4.5. Heavy metal and POP emissions from wildfires

Wildfires are the important source of atmospheric pollutants, such as particulate matter, carbon
monoxide, oxides of nitrogen and sulphur, and other [Andreae and Merlet, 2001; Urbanski et al.,
2009]. Besides, biomass burning is a contributor to the global pool of greenhouse gases [Liu et al.,
2014]. A number of studies also report about the effects of wildfire emissions on human health [Reid
etal., 2016; Requia et al., 2021].

It is reasonable to assume that heavy metals and POPs are emitted to the atmosphere due to
wildfires. Some estimates of emissions of Hg from the fires are described in scientific literature
[Wiedinmyer and Friedli, 2007; Cinnirella and Pirrone, 2006; Friedli et al., 2009; De Simone et al.,
2015; Kumar et al., 2018]. B(a)P global emissions from wildfires have been estimated in the study
[Luo et al., 2020]. However, information on emissions of particulate metals like Pb and Cd, has not
been found.

The objectives of this study are the following:

1) To overview the available databases with information on wildfires.

2) To estimate heavy metal and POP emissions from wildfires in the EMEP region.

3) To evaluate the effect of wildfires on air concentrations and deposition of selected heavy
metals and POPs in the EMEP region.

Wildfire databases

Four global-scale databases on wildfires were considered (Table 4.2): GFED [van der Werf et al.,
2017], FINN [Wiedinmyer et al., 2011], GFAS [Giglio et al., 2006] and QFED [Darmenov and da Silva,
2015]. These databases are characterized by different spatial resolution, varying from 1 km (FINN) to
0.25° (GFED). Period of time covered by the databases starts in 2000s and finishes in 2020 or even
spreads to present days. List of the data products varies between the databases. For further
evaluation of heavy metal and POP emissions the most important characteristics are estimates of
PM2.5 emissions and burnt biomass or combustion rate. Besides, the data on fire injection height
available in the GFAS database can be important for distribution of emissions from wildfires with
height.

Spatial distributions of PM2.5 emissions from wildfires in the EMEP region in 2020 derived from the
considered databases are shown in Fig. 4.15. Similarities of the distributions include emissions in the
southern and south-eastern parts of Europe (Portugal, Italy, the Balkan countries) and in the eastern
part of the EMEP region. Nevertheless, intensity of the emissions from the wildfires differs between
the databases. Generally, particulate matter emissions from FINN and QFED databases are higher
than those from GFAS and GFED databases. Total annual emission of PM2.5 in the EMEP region in
2020 from FINN, GFAS, QFED and GFED databases are equal to 1.8, 0.8, 3.3 and 0.9 million tonnes,
respectively.
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Table 4.2. Global biomass burning emission datasets.

Spatial resolution | Time range and temporal Data products
resolution
GFED(*) 0.25°x0.25° 2000-2020; Burned area;
3-h, daily, monthly Burnt mass;
Emission factors, incl. PM2.5
FINN(**) 1x1 kmz 2092-2020; Burned area;
Daily Burnt mass;
Emissions of species, incl. PM2.5
GFAS(***) 0.1°x0.1° 2003-present; Combustion rate; Burnt mass;
Daily Emission of species incl. PM2.5;
Injection height
QFED(****) 0.1°x0.1° 2000-present; Emission of species incl. PM2.5
daily, monthly

(*)-Global Fire Emissions Database; http://www.globalfiredata.org

(**) - Fire INventory from NCAR; https://www2.acom.ucar.edu/modeling/finn-fire-inventory-ncar

(***) - Global Fire Assimilation System; http://modis-fire.umd.edu

(****) - Quick Fire Emissions Dataset; https://portal.nccs.nasa.gov/datashare/iesa/aerosol/emissions/QFED/v2.4r6/

1000 2000 kg/km%/y
B = i}

Fig. 4.15. Annual emissions of PM2.5 in 2020, provided by wildfire databases FINN(a), GFAS(b), QFED(c) and
GFED4(d).

Emissions from wildfires are subject to strong seasonal variability. The highest emissions in 2020 are
noted for April and for summer period (July-August) (Fig. 4.16). For the emissions from the FINN
database a local maximum in October also takes place.
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Among the available databases, FINN is characterized by the highest spatial resolution. Besides, this
database is already used by MSC-W in modelling of wildfire emissions of particulate matter and
acidifying compounds [Simpson et al., 2012]. Therefore, further pilot estimates of heavy metal and
POP emissions were carried out basing on FINN database. Annual emissions of PM2.5 and burnt
biomass vary substantially in the recent decade (Fig. 4.17). The highest intensity of wildfires took
place in 2012, and the lowest in 2018. Year 2017 was selected for numerical experiments with the
wildfire emissions.
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Fig. 4.16. Monthly sums of PM2.5 emissions from Fig. 4.17. Annual values of burnt biomass and PM2.5
wildfires in 2020 derived from FINN, GFAS, QFED emissions caused by wildfires in the EMEP region.
and GFED4 databases.

Emission of heavy metals and POPs in the EMEP region

This study was limited by pilot estimates of wildfire emissions of Pb and B(a)P. The source of B(a)P in
the atmosphere is incomplete combustion of organic matter. Therefore, it is reasonable to suggest
that B(a)P emission from wildfires (Eg.p) is proportional to biomass burnt during wildfires (BM):

EBG.P = BM - EFBG.P [4.1]

Coefficient of proportionality EFg.p in [4.1] is the emission factor. Data on burnt biomass is available
in the databases on wildfire (Table 4.2). Information on emission factors for B(a)P compiled from
peer-reviewed publications is summarized in Table 4.3. As seen, the emission factor varies from 0.1
for savannas vegetation to 1.59 mg/kg for pine wood. In current version of the parameterization of
wildfire emissions a value of 0.5 mg/kg was used.

Spatial distribution of annual B(a)P emission from wildfires in 2017 is shown in Fig. 4.18a. There are
areas of significant wildfire emissions in the southern and south-eastern parts of Europe (Portugal,
southern Italy, the Balkan countries) as well as in the eastern part of the EMEP domain. Wildfire
emissions in central and northern Europe are low compared to other parts of the EMEP domain.
Annual emissions from anthropogenic sources are higher compared to those from the wildfires (Fig.
4.18b) in most of countries.
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Table 4.3. B(a)P emission factors for wildfires.

Biomass/ecosystem type Emission factor (mg/kg) Reference

Pine with Greens 1 Luo et al., 2020 and references therein
Pine 0.35 Luo et al., 2020 and references therein
Fir 0.19 Luo et al., 2020 and references therein
Pine wood 0.38-1.59 Luo et al., 2020 and references therein
Wood fuel 0.693 Luo et al., 2020 and references therein
Pine 0.712 Luo et al., 2020 and references therein
Oak 0.245 Luo et al., 2020 and references therein
Hard wood 0.14 Luo et al., 2020 and references therein
Savanna 0.1 Shen et al., 2013

Extratropical forest 0.35 Lammel et al., 2013

Savanna, cropland (crop residues) 0.33 Lammel et al., 2013

2 5 20 50 150 500 g/km?/y
I I

Fig. 4.18. Spatial distribution of B(a)P emissions from wildfires (a) and anthropogenic sources (b) in 2017.

Contribution of wildfires to total (wildfires and anthropogenic) annual emission of B(a)P in 2017
varies substantially among the EMEP countries. In 23 of 51 EMEP countries the contribution exceeds
5%, and in 7 countries it exceeds 25% (Fig. 4.19). The highest contribution is noted for Kazakhstan
(around 60%) followed by Azerbaijan and Monaco.

Fig. 4.19. Contribution of wildfires to emissions of B(a)P in the EMEP countries in 2017. Whiskers indicate
range between the highest and the lowest monthly-mean contributions to total emission. Only countries with
the contribution exceeding 5% are shown.
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The whiskers in Fig. 4.19 indicate the range between the highest and the lowest monthly-mean
contributions to total emission. Large difference between the lowest and the highest contributions
means significant seasonal variability of wildfires and their contribution to total emission. Indeed,
even if on annual time scale the contribution of wildfires to total emission of B(a)P is relatively low in
most of the EMEP countries, on the monthly scale the situation may differ markedly. The highest
anthropogenic emission of B(a)P takes place in winter because of predominant contribution of
residential combustion sector in anthropogenic emissions. At the same time, the highest emissions

from wildfires are expected in spring, summer and 100
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around 50% took place from July to October. to total B(a)P emission in 2017 in Portugal, Bulgaria,

Italy and Croatia.

Approach to estimate heavy metal emissions from wildfires differs from that used for B(a)P. Surface
of parts of vegetation, such as leafs, stems, branches etc., serves as a receptor of metal deposition
from the atmosphere. There are numerous studies reporting concentrations of heavy metals on
leaves, needles , tree bark or forest floor [Zsigmond et al., 2021; Aboal et al., 2004; Swislowski et al.,
2020; Parzych et al., 2017; Klink et al., 2017; Brown et al., 2017; Madeijon et al., 2004; Bommarez et
al., 2021]. Therefore, during wildfires ash and particulate matter emitted to the atmosphere contains
heavy metals previously deposited onto the vegetation. Therefore, it is assumed that emission of
heavy metals due to the wildfires E.y, is proportional to emission of PM2.5 Epy,.5:

Eum = Epmzs * Cum [4.2]

Proportionality coefficient Cyy, is concentration of particulate heavy metal (e.g., Pb or Cd) in particles
in plumes from wildfire or in ash. Data on emission of PM2.5 are available in the databases on
wildfires. Information on Cyy was found in peer-reviewed papers and summarized in Table 4.4.

Table 4.4. Concentrations of Pb and Cd (mg/kg) in ash or PM2.5 particles of fire plumes.

Pb cd media Region and year Reference

87.4%* 0.33 ash Portugal, 2010 Campos et al., 2016
8.5%* ash Australia, 2013 Wu et al., 2017

94 0.6 ash Portugal, 2011 Silva et al., 2015
10.75** ash Australia, 2011 Kristensen et al., 2014
10.7-21.4 0.08-0.09 ash Australia, 2013 Santin et al., 2015

38 0.55 ash Greece, 2019 Alexakis, 2020

572%* 4.9 ash Australia, 1994-2004 Iseley et al., 2020
7-42 ash USA, 2012 Odigie and Flegal, 2014
12-22 plume Russia, Siberia, 2000-2003 CamcoHos et al., 2006
33.16** plume USA, California, 2017 Kelly et al., 2021

*mean; ** median
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As follows from the Table 4.4, there is
limited information on heavy metal
concentrations in  plumes or ash
measured in Europe. For further
numerical  experiments aimed  at
evaluation of the effect of wildfires on
heavy metal concentrations, a value of 90
mg/kg for Pb was selected as an average
for available data of measurements in

Portugal. However, it is very unlikely that . ) ) ) o
Fig. 4.21. Concentrations of Pb in ash in the EMEP region in

Pb concentrations in ash in different parts 2017

of the EMEP region are the same as those

measured in Portugal. Therefore, it was assumed that Pb concentrations in ash are proportional to

modelled total Pb deposition flux. Estimated spatial distribution of Pb concentrations in ash is shown

in Fig. 4.21. Relatively high concentrations (>90 mg/kg) take place in regions with elevated deposition

fluxes such as Italy, Balkan region, north-western Germany, southern Poland and Turkey. Over most

of Russia, Central Asia and Scandinavia the concentrations of Pb in ash are below 50 mg/kg.

Combination of map of spatial distribution of PM2.5 emissions from wildfires and Pb concentrations
in ash according to formula [4.2] results to the map of annual atmospheric emissions of Pb from
wildfires in the EMEP region in 2017 (Fig. 4.22a). Areas of emissions from wildfires are noted for
Portugal, southern Italy, the western part of the Balkan Peninsula and some regions in the eastern
part of the EMEP domain. The central, western and northern parts of Europe are characterized by
comparatively low emission of Pb from wildfires. Similar to B(a)P, emission of Pb from wildfires is
much lower than the anthropogenic emission in most of the EMEP countries (Fig. 4.22b).

1 5 20 50 150 500 g/km?fy
—

Fig. 4.22. Spatial distribution of Pb emissions from wildfires (a) and anthropogenic sources (b) in 2017.

Contribution of wildfire Pb emissions to total emission (wildfire and anthropogenic) on annual level
exceeds 60% in Montenegro and Albania, and exceeds 5% in 11 EMEP countries (Fig. 4.23). Whiskers
in the Fig.4.23 indicate the range between maximum and minimum monthly contributions of wildfire
emissions. On monthly time scale these contributions can reach 20 — 90%.
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Fig. 4.23. Contribution of wildfires to emissions of Pb in the EMEP countries in 2017. Whiskers indicate range
between the highest and the lowest monthly-mean contributions to total emission. Only countries with the
contribution exceeding 5% are shown.

Model simulations of the pollution levels using wildfire emissions

Concentrations in air and total deposition fluxes of B(a)P and Pb were calculated for 2017 on the
base of current stable version of GLEMOS model v2.2.2 (see Section 3.1). Two sets of the model
simulations were performed: one without wildfire emissions (base case) and another one with
included emissions from wildfires. To characterize the effect of wildfire emission on the pollution
levels the contribution of wildfires to total concentration (base case and wildfire) was calculated.

Annual mean concentrations of B(a)P in air calculated with usage of wildfire emissions and
contribution of wildfires to the concentrations are demonstrated in Fig. 4.24a and b, respectively.
Areas of the highest contribution exceeding 75% are noted for the north-eastern part of Russia,
numerous locations in Kazakhstan and in some non-EMEP countries (Algeria, Iran, west of China etc.).
It is important to note that in these regions the concentrations of B(a)P are very low compared to the
levels in Europe, hence even small increment of these levels in absolute terms results to the large
relative increase. In southern and south-eastern Europe the contribution of wildfires to total
concentration ranges mainly within 5 — 20%.

0.010.05 0.150.3 05 1 ng/m3 0 5 20 50 75 %
[ I ——

Fig. 4.24. Annual mean concentration of B(a)P simulated with wildfire emissions included (a) and
contribution of the wildfire emission to concentration (b) in 2017.
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The contribution on monthly time scale may differ substantially for particular months and countries.
For example, August of 2017 is characterized by the most intensive wildfires. Large (> 75%)
contribution of wildfires to total concentration is noted for Siberian and southern regions of Russia,
most part of Kazakhstan and Ukraine, southern Italy, western part of the Balkan Peninsula and
Portugal (Fig. 4.25a). In October when the intensity of wildfires is generally lower than in August, the
contribution of the wildfires exceeds 50% in Portugal, and ranges from 20 to 50% in the southern

part of Italy, south of Russia and over most of Kazakhstan (Fig. 4.25b).

Fig. 4.25. Monthly mean contribution of the wildfire emission to concentration of B(a)P in August (a) and
October (b) in 2017.

Contribution of wildfires to Pb annual mean concentrations in air in 2017 is relatively low. The
contribution exceeds 5% in Portugal, north-western Spain, southern Italy, the Caucasus and western
Siberian regions of Russia, and in a number of countries of the Balkan Peninsula (Fig. 4.26b).
Contribution exceeding 15% in some locations of the western Siberia of Russia are caused by the
effect of originally low concentrations in this region (Fig. 4.26a).

05 2 4 8 12 25 ng/m? 0 3 5 15 30 %
[ R ] I o

Fig. 4.26. Annual mean concentration of Pb simulated with the usage of wildfire emissions (a) and
contribution of the wildfire emission to concentration (b) in 2017.
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Much higher contribution takes place in certain months, e.g., in August and October (Fig. 4.27a,b). In
August wildfires contribute more than 30% to Pb concentrations in Portugal, southern Italy, Albania,
Montenegro, North Macedonia, southern Croatia and a number of locations in the eastern part of
the EMEP region. It is interesting to note that significant contribution (15 — 30%) is noted for central
part of Mediterranean Sea. Similar effect is seen over Iberian coast and Bay of Biscay in October.
Transport of plumes from wildfires in Portugal resulted to substantial increase of Pb air
concentrations over these aquatories (Fig. 4.27b). Therefore, wildfires can act as a considerable
contributor to the marine pollution. Beside Portugal, large areas of significant (> 15%) contribution of
wildfires to Pb air concentrations in October, 2017, took place in the southern and south-eastern

parts of European Russia.

Fig. 4.27. Monthly mean contribution of the wildfire emission to concentration of Pb in August (a) and
October (b) in 2017.

It is important to evaluate the effect of wildfires on modelled concentrations via comparison with
measurements. Analysis of time series of modelled concentrations of Pb and B(a)P at particular
stations demonstrated that in most cases the contribution of wildfires is revealed as one or several
short-term episodes lasting for one or few days. Concentrations of B(a)P and Pb at measurement
stations in southern Europe are observed mostly with weekly or monthly temporal resolution. This
temporal resolution does not allow capturing short-term episodes of high modelled concentrations
caused by wildfires. However, possible tracers of biomass burning such as carbon monoxide (CO),
elemental carbon or particulate matter (e.g., PM2.5) are often measured with higher (e.g., daily)
temporal resolution. Therefore, instead of direct comparison of modelled and observed
concentrations of Pb and B(a)P, the time series of contribution of the wildfires were compared with
the time series of biomass burning tracer species.

For the purposes of the evaluation the data on air concentrations from European Environmental
Agency (EEA) data base AQ e-reporting (https://www.eea.europa.eu/data-and-

maps/data/agereporting-9) were used. At a number of stations episodes of high contribution from

wildfires to concentrations of B(a)P coincide with increased levels of CO or PM2.5. For example, B(a)P
contribution from wildfires reaching 0.25 ng/m?® from 209 to 225 day of year 2017 correlates with the
increased levels of PM2.5 and CO at Italian background urban station IT2110A (Fig. 4.28a). Similar
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results are noted for other parts of Europe, for instance, for stations in Montenegro, e.g. MEOOO2A

(Fig. 4.28b) and at some stations in Romania, e.g., RO0159A (Fig. 4.28c).
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Fig. 4.28. Modelled concentrations of B(a)P and observed concentrations of CO and PM2.5 and their trend at
background urban station IT2110A(lItaly, a), traffic urban station MEOOO2A (Montenegro, b) and
background urban station RO0159A (Romania, c) in 2017.

Similar results were obtained for Pb air concentrations. For example, peak of the wildfire component
of Pb air concentration at Italian station ITO867A in the period from 239 to 245 day of year 2017
corresponds to peak of PM2.5 concentrations and increased level of CO (Fig. 4.29a). In another
example Pb peak from wildfire in 240" day coincides with the peaks of CO and PM2.5 at Spanish
station ES1138A (Fig. 4.29b). Since the contribution of wildfires to Pb air concentrations is lower than
that to B(a)P concentrations, in Fig. 4.29 only wildfire component is shown.
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Fig. 4.29. Modelled concentrations of Pb (contribution from wildfires) and observed concentrations of CO
and PM2.5 and their trend at traffic urban station IT0876A (Italy, a) and traffic urban station ES1138A
(Spain, b) in 2017.

Comparison of time series of modelled B(a)P and Pb levels with the concentrations of CO and PM2.5
revealed that in a number of episodes with peaks of the tracer concentrations the contribution of
wildfires is low or absent. It is explained by the fact that elevated concentrations of CO and PM2.5
are caused by numerous emission sources besides wildfires. Therefore, for more reliable evaluation
of the modelled effect of wildfires on pollution levels larger set of the wildfire traces is needed. For
example, measurement data on levoglucosan, which is produced by pyrolysis of cellulose, could
serve as more reliable indicator of burning vegetation. In addition to this, at a number of stations
there is also an opposite situation. Episodes of high Pb or B(a)P concentrations do not match with the
corresponding peaks of the tracer concentrations. One of possible reason for this is inadequate
vertical distribution of wildfire emissions. In current preliminary modelling tests Pb and B(a)P are
emitted into the near-surface model layer. However, a number or studies indicate that the emission
is distributed in the layer of hundreds or even thousands meters [Sofiev et al., 2012, Shikwambana
and Habarulema, 2022; Ke et al., 2021; Wilkins et al., 2022]. It results in dilution of the wildfire
emission and decrease of air concentration near the emission source. Besides, as a rule, wind
direction changes with altitude. Hence, direction of atmospheric transport of plumes from wildfires
at higher altitude should differ from that near the surface. Therefore, location of wildfire emission
sources in the lowest model layer can lead to overestimation of the pollutant air concentrations,
especially in the vicinity of the sources.
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Preliminary results of the presented study demonstrate that wildfires can be significant contributors
to the Pb and B(a)P pollution levels in the EMEP region. However, further research is needed. In
particular, it is important to carry out sensitivity analysis of modelling results to input parameters
such as emission factors, vertical distribution of wildfire emissions, concentrations of heavy metals in
emitted by wildfires particles etc. In addition to FINN database, other wildfire databases should be
tested. Besides, more measurement data of potential wildfire tracers, e.g., levoglucosan and black
carbon, are needed to the evaluation of the modelling results. Finally, the proposed approach can be

tested for other heavy metals and POPs.
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Chapter 5. CO-OPERATION

5.1. Subsidiary bodies of the Convention

5.1.1. Task Force on Measurements and Modelling

The EMEP Task Force on Measurements and Modelling (TFMM) held its 23" meeting online in May
2022. During the meeting MSC-E provided participants with the information on research activities of
the Centre in co-operation with national experts in the field of assessment of HM and POP pollution.

Mercury-related research activities were focused on the Arctic region. MSC-E participated in co-
operative studies, which followed up the recent AMAP Hg Assessment 2021. Data products obtained
in this work as a country-specific case study were used in the national Norwegian Mercury
Assessment 2022 . The results of the study, including analysis of spatial distribution of Hg pollution
levels in Norway, long-term trends of Hg air concentration and deposition to the country and trends
in biota, were presented at the TFMM meeting. It was shown that spatial distribution of Hg
deposition fluxes over Norway generally corresponded to that of Hg concentrations in mosses.
Besides, it was demonstrated that spatial distribution of Hg deposition to waters of North Atlantic
and the Arctic well correlated with concentrations of Hg in fish. Finally, it was indicated that the
reduction of Hg concentrations in fish during the recent decade is stronger than the decline of
atmospheric deposition.

Evaluation of the effect of wildfires on heavy metal and POPs pollution levels was another research
activity presented at the meeting. Four available wildfire databases were examined. Emissions of Pb
and B(a)P from the wildfires in the EMEP region were estimated. Contributions of wildfire emissions
to concentrations of Pb and B(a)P were simulated using the GLEMOS model. The modelled effect of
wildfires on the pollution levels was validated via comparison with concentrations of wildfire tracers
such as CO and PM2.5. It was shown that wildfires can significantly contribute to air concentrations
of toxic pollutants in particular countries in certain months. Further steps in model assessment of the
effects of wildfires on heavy metal and POP pollution levels were suggested.

Main focus in the research activities on POPs was directed to the PAHs. The activities included
participation in the Eurodelta-Carb multi-model assessment of B(a)P and a case study of PAH
pollution in Poland. Preliminary results on B(a)P of several modelling groups (EMEP/MSC-E, CEIMAT,
INERIS, ENEA, FMI) and their evaluation against measurements were presented. Similarities and
differences between the annual mean concentrations and intra-annual variations obtained by
participated models and observed levels were examined.

Results of the second phase of the country-scale study of PAH levels in Poland were demonstrated. It
was shown that updated national inventory of PAH emissions (reported to EMEP) allowed to improve
model assessment of pollution for B(b)F and B(k)F. At the same time, for I(cd)P no improvement was
obtained comparing to the previously used national emission inventory.
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Special attention was also paid to the contaminants of emerging concern (CECs). Current status of
their monitoring, development of emission inventories and modelling approaches was presented. In
particular, pilot model simulations of PBDE pollution, based on the expert estimates of emissions,
reasonably well reproduced the observed levels and their long-term trends in the EMEP region.
Further research and cooperation activities related to HM and POP pollution assessment were
proposed.

5.1.2. Task Force on Hemispheric Transport of Air Pollution

MSC-E continues co-operation with the Task Force on Hemispheric Transport of Air Pollution (TF
HTAP) on assessment of Hg and POP pollution. In particular, the Centre took part in the TF HTAP
virtual meetings focused on global emissions and modelling of Hg (May 18, 2022,
http://htap.org/event/global-emissions-and-modeling-of-mercury/) and POPs/CEC (May 25, 2022,
http://htap.org/event/global-emissions-and-modeling-of-pops-cec/). The meetings were aimed at

discussion of practical programs for fulfilment of the near-term plans of Hg and POP activities
formulated at the TF HTAP Workshops (April 2021).

The meeting on Hg, which was attended by over 50 experts, reviewed the current state of knowledge
and on-going activities within various national and international research groups focused on Hg
pollution assessment. In particular, available global Hg emissions inventories and future projections
were presented and discussed. New developments in Hg multi-media modelling, model applications
for near-term and longer-term decision-making and model assessment of Hg pollution in particular
regions (the Arctic) were also overviewed. It was agreed that near-term TF HTAP activities on Hg
would benefit if formulated in line with the on-going effectiveness evaluation procedure performed
under the Minamata Convention on Mercury (MCM). To facilitate further development of the
activities program it was decided to form an ad hoc group of scientific experts and hold a number of
planning meetings.

During the meeting on POPs, the outcome of recent assessments prepared under AMAP and
Stockholm Convention in a field of monitoring and assessment of pollution levels in the Arctic and on
the global scale was presented. In addition, development and application of global inventories for
unintentionally emitted legacy POPs was overviewed. A number of experts presented results of
monitoring studies and progress in the development of advanced modelling techniques to study
pollution levels, transport and fate of the CECs and microplastics. Plans of near-term TF HTAP
activities in line with on-going and future work of experts in POPs/CECs were discussed. It was agreed
to consider opportunities of multi-pollutant studies of combustion-related POPs (e.g. PAHs, PCDD/Fs)
and particulate matter, and to continue reviewing the progress in the studies of CECs and

microplastics on global and regional scales.
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5.1.3. TaskForce on Technical and Economic Issues

In framework of cooperation with the Task Force on Technical and Economic Issues, MSC-E took part
in the seventh TFTEI annual meeting held on October 29th, 2021. The meeting was devoted to the
discussion of ongoing and future work of the task force experts related to the revision of the
Gothenburg Protocol as well as to various aspects of PM and black carbon emissions. A
representative of MSC-E briefly presented the outcome of the recent work carried out by MSC-E and
experts from Poland, on the assessment of PAH pollution in the EMEP region that is summarized in
the MSC-E Technical Report [Gusev et al., 2021]. In particular, updated results on long-term changes
in measured and modelled B(a)P air concentrations had been demonstrated, with emphasis on key
emission source categories and exceedances of B(a)P air quality guidelines and population exposure.
Besides, PAH pollution assessment on a national scale had been performed as a part of a case study
for Poland, focusing on the analysis of B(a)P pollution in the country. Model simulations with
updated national emission inventory and scenario emissions had allowed for the improvement of
model assessment of B(a)P pollution. At the same time, possible underestimation of national B(a)P
emissions in Poland had been indicated based on the results of a comparison of modelled and
measured concentrations.

5.1.4 ICP-Vegetation

MSC-E continued cooperation with WGE. In particular, MSC-E took part in annual 35™ online Task
Force meeting of ICP-Vegetation. Information about comparison of long-term changes of modelled
deposition fluxes and measured concentrations in mosses of Pb, Cd, Hg and Cu was demonstrated.
Besides, similar information was presented for one of the second priority heavy metals, copper (Cu).
Additional information about changes of POP levels in air and in mosses was shown both for legacy
POPs like B(a)P, HCB and PCB-153, and for CECs included into the POP Protocol, such as BDE-99.

EMEP monitoring data are used for the evaluation of the modelling results and provide actual
measurement information on annual, seasonal or even daily basis. Nevertheless, spatial density of
the EMEP stations is relatively low providing few or several stations per country. Besides, there is a
number of countries where EMEP monitoring stations are not available.

Along with the EMEP monitoring data measurements of heavy metals and POPs in mosses can be
used as alternative measurement information. A number of moss species have no root system and
consume nutrients from the atmospheric deposition [Dofegowska and Migaszewski, 2014; Riihling
and Tyler, 1973; Harmens et al., 2010]. This property was used as a basis of using mosses in the
biomonitoring of atmospheric pollution. Unlike the EMEP monitoring network, measurements in
mosses are characterized by higher spatial density (Fig. 5.1). Besides, measurements in mosses are
carried out in countries where the EMEP monitoring data are not available. However, measurements
in mosses have lower temporal resolution compared to the EMEP data. According to up-to-date
understanding of physiology of mosses and methodology of moss sampling it is assumed that
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concentrations in mosses represent three-year accumulation of deposited heavy metals or POPs
[Harmens et al., 2010; ICP-Vegetation, 2015; Schréder et al., 2013].
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Fig. 5.1. Spatial distribution of Cd concentrations measured in mosses in survey of 2015. Pink circles denote
location of the EMEP monitoring stations measuring heavy metal levels in 1990 - 2020.

Pan-European surveys of concentrations in mosses are carried out regularly every five years.
Currently data on concentrations of heavy metals in mosses are available for 1990, 1995, 2000, 2005,
2010 and 2015 [Frontasyeva et al., 2020, Harmens et al., 2012, Harmens et al., 2008]. The data from
these six surveys are used in the analysis of long-term pollution changes of heavy metals between
1990 and 2015. Besides, moss measurements are used for biomonitoring of POPs since 2010.
Therefore, changes of POP pollution between 2010 and 2015 can also be examined.

Long-term changes of heavy metals were estimated for countries where the measurements in
mosses cover the period of at least 15 years. In the analysis we considered only the gridcells where
measurements of different surveys overlapped. Periods of the analysis of changes for different
countries may differ. Therefore the long-term difference between measured or calculated pollution
levels is expressed as mean rate of change per year expressed in per cents.

The most significant reduction of deposition and concentrations in mosses takes place for Pb. In most
of the considered countries the rate of pollution reduction is similar for concentrations in mosses and
deposition and varies from 5% to 10% per year. Relatively low reduction is noted for Iceland. This
country is known for low national emissions. Besides, due to its remoteness from main European
emission sources the contribution of transboundary transport in absolute terms is also insignificant.
Hence, the main contribution to Pb levels is made by secondary sources, especially, re-suspension
from sea surface. Rate of Cd reduction varies mainly from 2% to 7% per year (Fig. 5.2b), and Hg
reduction ranges from 1 to 3% per year (Fig. 5.2c). In France and North Macedonia the trends are
contrasting with declining modelled deposition and increasing concentrations in mosses. Significant
growth of Hg concentrations in mosses in France is explained by sharp two-fold increase between
surveys of 2010 and 2015. Relatively low rate of Hg reduction is explained by significant contribution
of non-EMEP natural, legacy and anthropogenic sources. Similar to Hg, changes of Cu are also
relatively low, ranging typically from 1 to 2.5% per year (Fig. 5.2d). However, small changes of Cu
levels are explained by low reduction of anthropogenic emissions of Cu in the EMEP region.
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According to the available Cu emission data in the EMEP region, the overall reduction of Cu emission
between 1990 and 2015 was around 10% [CEP, 2022; Denier van der Gon et al., 2005].
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Fig. 5.2. Mean rate of long-term change (% per year) of measured concentrations in mosses (green bars) and
deposition flux (pink bars) of Pb (a), Cd (b), Hg (c) and Cu (d). Negative value means reduction, and positive
value means increase.

Long-term changes of total deposition and concentrations in mosses were analyzed for each country
and each considered metal. Examples of comparison of the copper level changes in Estonia,
Switzerland and Belarus are presented in Fig. 5.3. Concentrations in mosses and deposition in
Switzerland exhibit relatively low changes over the period from 1990 to 2015 (Fig. 5.3a). This
tendency is in line with pan-European trend of Cu emissions. One of the exceptions is Estonia. Until
2000 national emission of Estonia has been decreasing. The main countries-sources of Cu
transboundary pollution in Estonia are Russia and Finland. Emissions in Russia were stable until 2000,
and emissions of Finland also have been declining. As a result, deposition of Cu in Estonia has been
decreasing between 1990 and 2000 that is confirmed by similar decline of concentrations in mosses
(Fig. 5.3b). After 2000, emissions of Finland continued to decline, while the tendency of Estonian and
Russian emissions changed to gradual increase. It resulted in slow increase of deposition in Estonia
after 2000. Concentrations in mosses also demonstrated growth between 2005 and 2015. Belarus is
one of the countries in the eastern part of the EMEP region where information on monitoring of
heavy metal levels at the EMEP stations is limited. However, data on concentrations of Cu in mosses
is available for 1995 an 2015. Comparison of the modelled and observed Cu pollution levels shows
only minor changes between 1995 and 2015 (Fig. 5.3c).
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Fig. 5.3. Mean concentrations in mosses and deposition fluxes (dimensionless form) of Cu in Switzerland (a),
Estonia (b) and Belarus (c). Pink bars mean deposition flux and green lines mean concentrations in mosses.

Analysis of long-term variability of concentrations in mosses and deposition in particular countries
characterizes the status of the pollution changes on the whole. However, the data from moss surveys
were used to investigate the changes at local scale. EMEP monitoring stations were selected as
‘locations’ to test this idea. Besides, information on the measured wet deposition from the EMEP
stations was also involved into the analysis.

In most cases locations of moss sampling plots do not coincide with the locations of the EMEP
monitoring stations. Median value of concentrations in mosses within 50-km radius was used as
moss concentration value at the EMEP monitoring station. This approach was applied to all EMEP
stations where wet deposition measurements were available, and the changes for all considered
metals were estimated. Few examples in Fig. 5.4 demonstrate various aspects derived from this
comparison.

At a number of stations, for example, Cd levels at station DEOOO1R (Westerland, Germany), the all
three parameters (concentrations in mosses, modelled total deposition and observed wet
deposition) demonstrate similar decreasing trend (Fig. 5.4a). It means that concentrations in mosses
can be used for examination of long-term pollution trends not only at large scales such as countries
but also at smaller (local) scales. At other stations concentrations in mosses can be used as a
complement to the observed wet deposition for the purposes of verification of modelled deposition
time series. For example, Cu wet deposition data at station DEO0O2R (Waldfoh, Germany) were
available in the second half of the considered period. Nevertheless, measurement data from moss
surveys for 1990-2000 period can be applied to evaluate long-term changes (Fig. 5.4b). At some
stations significant discrepancies between temporal changes of concentrations in mosses, modelled
and observed deposition fluxes are found. For example, long-term changes of modelled deposition
agree well with the changes of concentrations in mosses at Estonian station EEO0O09R (Lahemaa). The
both parameters demonstrate decline from 1990 to 2005, and then gradual increase to 2015 (Fig.
5.4c). However, the observed wet deposition demonstrates sharp 6-fold drop between 2010 and
2015. It is likely that this drop can be connected with the uncertainties of Cu measurements in
precipitation and requires special investigation.
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Fig. 5.4. Mean concentrations in mosses, modelled deposition fluxes and observed wet deposition fluxes
(dimensionless form) of Cd at station DEOOO1R (a) and Cu at stations DEOO02R(b) and EEO009R(c). Pink bars
mean modelled total deposition flux, green lines mean concentrations in mosses and blue lines mean observed
wet deposition. Whiskers indicate a range of concentrations in mosses within 50-km radius around EMEP
monitoring station.

First measurements of POP concentrations in mosses under the coordination of ICP-Vegetation
activity were carried out in survey of 2010. Currently measurements are available for surveys of 2010
and 2015. The data encompass a wide range of POP compounds including PAHs, PCBs, HCB, BDE and
other species. For example, B(a)P data were available from Norway, France, Spain, Switzerland,
Austria, Germany, Poland and Slovenia (Fig. 5.5).
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Fig. 5.5. Concentrations of B(a)P measured in mosses in 2010 (a) and 2015 (b).

Comparison of changes of pollution levels based on modelling results and observed concentrations in
mosses between 2010 and 2015 was carried out for B(a)P, HCB, PCB-153 and BDE-99. The data on
B(a)P from the both surveys were available for Norway and Switzerland, and on other pollutants —
only for Norway. The change of B(a)P concentrations in mosses and modelled deposition in
Switzerland is almost the same making up about 40% (Table 5.1). The changes of BDE-99 and PCB-
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153 have the same direction, and the changes of B(a)P and HCB are contrasting for concentrations in
mosses and modelled deposition.

Table 5.1. Changes of concentrations in mosses and deposition of POPs in Norway and Switzerland between
2010 and 2015. Negative value means reduction, and positive value means increase of the pollution levels.

Pollutant Country Change (moss), % Change (modelled), % ‘
B(a)P Switzerland -42 -43

B(a)P Norway -29 5

HCB Norway 55 -22

BDE99 Norway -68 -23

PCB-153 Norway 2 12

The changes of modelled and observed values were estimated for Norwegian EMEP stations Birkenes
and Andoya. Example demonstrating concentrations in mosses and modelled and measured
concentrations of B(a)P and BDE-99 at station Birkenes is shown in Fig. 5.6. Observed concentrations
of B(a)P in air and mosses demonstrate decline between 2009 and 2015 (Fig. 5.6a). However,
modelled air concentrations underestimate observed concentrations in air from 2009 to 2012 and
agree well with the observed levels after 2012. It is probably that the underestimation is caused by
the influence of unaccounted local emission sources. Concentrations in mosses and modelled and
observed concentrations of BDE-99 in air exhibit distinct decline between 2009 and 2015 (Fig. 5.6b).
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Fig. 5.6. Modelled and observed concentrations in air and mosses of B(a)P (a) and BDE-99(b).

The presented analysis showed that combined usage of the results of biomonitoring, atmospheric
modelling and EMEP monitoring allows identifying and investigating long-term heavy metal and POP
pollution changes in particular countries as well as at local scale. Results of modelling and
biomonitoring demonstrate similar rates of Pb, Cd, Hg and Cu reduction in most of EMEP countries.
The highest reduction is noted for Pb, and the lowest for Hg. Measurements in mosses, observations
at the EMEP monitoring stations and modelling results demonstrate declining trend for BDE-99 and
minor changes for PCB-153. For B(a)P and HCB the changes between modelled and the observed
values are contrasting. Results of moss surveys are very useful for evaluation of long-term trends of
heavy metals and POPs in the EMEP region. Further cooperation between EMEP and ICP-Vegetation
is highly appreciated.
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5.2. International organizations

5.2.1. Stockholm Convention

Co-operation and exchange of information on POP pollution with UNEP Stockholm Convention has
been continued. MSC-E took part in the preparation of the 3" Global Monitoring Report of the
Stockholm Convention which compiled the most recent outcomes of research activities on
monitoring and modelling of pollution levels and trends of legacy POPs as well as CECs. The
contribution of the Centre included the results of model assessment of POP pollution levels and
trends in the EMEP region.

Refinement of national POP emission inventories under the Stockholm Convention is of importance
for the analysis of POP pollution in the EMEP countries. In particular, national inventories of legacy
POPs and CECs emissions are being revised due to further development of the UNEP Standardized
Toolkit and recalculations of national emission data. Updated information on emissions to the
atmosphere and other environmental compartments complements model assessment for the EMEP
region. Besides, collaboration with the activities under the Stockholm Convention Global Monitoring
Plan (GMP) on the collection and analysis of global-scale monitoring data on POP concentrations in
air and other compartments is important for the evaluation of GLEMOS modelling results.

5.2.2. Helsinki Commission

Regular evaluation of airborne pollution load of heavy metals and POPs to the Baltic Sea is carried
out in the framework of long-term cooperation between EMEP and the Helsinki Commission
(HELCOM). This year MSC-E continued collaboration with HELCOM based on the updated contract,
which assumes evaluation of pollution levels and trends for extended list of heavy metals and POPs,
including second priority metals and chemicals of emerging concern. In accordance with the updated
contract the compilation of data on atmospheric emissions and model assessment of long-range
transport, and deposition of copper, HCB, and BDE-99 for the period 1990-2019 is presented in the
Joint report of the EMEP Centres for HELCOM [Gauss et al.,, 2021]. In addition, a review of
information on regulation, emissions, monitoring, and model assessment of SCCPs and PFOS is
included in the report. Besides, information on emissions and modelling results on copper, HCB, and
BDE-99 is also summarized in the Baltic Environment Fact Sheets, published on the HELCOM website
(http://www.helcom.fi). In this section brief outline of MSC-E contribution to the Joint EMEP report is

provided.

Long-term changes of Copper emissions and deposition to the Baltic Sea

Copper is essential trace element for biological systems. However, excess of copper can cause
harmful effects for humans [Gautam et al., 2014]. Copper is also toxic for aquatic organisms even at
low concentrations and for soil microorganisms [Gautam et al., 2014; Flemming and Trevor, 1989].
European Chemical Agency classified copper as toxic to aquatic life with long lasting effects

137


http://www.helcom.fi/

(Regulation (EC) No 1272/2008). Under the LRTAP Convention copper belongs to a group of so-called
second priority metals, and Protocol on Heavy metals does not propose any restrictions on Cu
emission. Nevertheless, Parties to the Convention regularly update their national Cu emission
inventories and perform measurements of Cu concentrations in air and precipitation at the EMEP
stations.

Annual emission of Cu in the HELCOM Contracting Parties in 2019 is almost the same as in 1990 (Fig.
5.7). The emission decreased by 12% from 1990 to 2000 and increased to the value of 1990 in the
subsequent period (2001-2019). In particular countries long-term changes differ markedly from each
other and from the HELCOM-mean tendency. For example, the most significant drop of Cu emissions
is noted for Finland (74%), followed by Estonia (55%), and Sweden (39%), while emission in Denmark,
Russia and Poland increased by 33%, 20% and 10%, respectively. Along with anthropogenic emission
sources, Cu can be emitted to the atmosphere by natural and secondary sources. According to the
expert estimates [Pacyna and Pacyna, 2001; Nriagu, 1989; Rauch and Pacyna, 2009] global-scale Cu
anthropogenic emissions are comparable to the secondary emissions.
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Fig. 5.7. Relative changes of annual anthropogenic emissions of copper to the atmosphere from the HELCOM
Contracting Parties (a) and of copper deposition to the Baltic Region and its sub-basins in the period 1990-2019
(% of 1990).

Expert estimates of spatial distribution of copper anthropogenic emissions within the EMEP region
were prepared by MSC-E using officially reported gridded PM2.5 emissions. The highest Cu
anthropogenic emission flux in the Baltic region in 2019 is noted for the northern part of Germany,
Denmark, the northern part of Poland, some regions of the southern part of Finland and on Russian
coast of Gulf of Finland (Fig. 5.8a). Local areas of high emission are associated with large cities, e.g.,
St-Petersburg, Riga, Kaliningrad, Stockholm, Helsinki. Low emissions, except for particular local areas,
occur along the eastern and south-eastern coast of Sweden, Latvia, Estonia, Lithuania, and the
western coast of Finland.

Modelling of atmospheric transport and deposition of Cu over the EMEP region over long period of
time was performed by MSC-E for the first time. Previous experience of Cu modelling includes model
assessment of regional scale Cu pollution levels used for generation of boundary concentrations for
fine resolution modelling over the area surrounding Italy [/lyin et al., 2017].
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Fig. 5.8. Anthropogenic emission (a) and total deposition flux (b) of Cu in the Baltic region in 2019.

Atmospheric input of Cu to the Baltic Sea was calculated for the period from 1990 to 2019.
Deposition of Cu to the Baltic Sea decreased by 42% (from 146 to 85 t) from 1990 to 2019 (Fig. 5.8b).
The most substantial decline of copper deposition took place in the Bothnian Bay sub-basin (-74%),
and the lowest one — in the Western Baltic sub-basin (-18%). The decline of Cu deposition to the
Baltic Sea over considered period was non-uniform. In the period from 1990 to 1996, strong decline
took place. Mean annual rate of deposition decline during this period was about 6.8 tonnes per year,
while in the rest part of the considered mean annual decline rate of about 0.7 tonnes.

Changes of total copper deposition to the Baltic Sea in the period 1990-2019 do not follow the
changes of anthropogenic emissions of HELCOM countries. Model simulations indicate that
deposition from anthropogenic sources to the Baltic Sea declined from 1990 to 2019 approximately
by 25%. The most significant contribution to these changes was made by the decline of copper
emissions of Finland (by 74%). Besides, the decline of secondary emissions of Cu (about 75%) also
contributed to the overall decline of deposition to the Baltic Sea.

Spatial distribution of Cu deposition in 2019 is similar to that of distribution of emissions (Fig. 5.8b).
However, due to the dispersion in the atmosphere spatial gradients between regions with high and
low emissions are smoothed. The highest deposition flux exceeding 1000 g/km?*/year is estimated for
the Sound sub-basin of the Baltic Sea, where the highest emissions of the Baltic region occur.
Significant deposition values (200 — 1000 g/km?/y) are also noted for the Kattegat, Western Baltic
and the western part of the Baltic Proper sub-basins. The lowest (below 100 g/km?/y) deposition flux
takes place in the Bothnian Bay sub-basin.

Modelled copper concentrations in air and wet deposition fluxes simulated for the period from 1990
to 2019 were compared with the values observed at the HELCOM monitoring stations. In general, the
model tends to somewhat underestimate (by 30% on average) the observed concentrations in air in
the beginning of the considered period (1990 - 1999), and somewhat overestimate (by 30% on
average) in the end of the period (2010-2019). At most of the stations the ratio of modelled and
observed concentrations lies within a factor of 2. The model performance for wet deposition differs
for particular stations and years. In general, the agreement between the modelled and observed
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deposition fluxes in the end of the considered period is much better than that in the beginning of the
period.

In spite of second priority metals (e.g., Cu) are not currently regulated by the LRTAP Protocol on
HMs, information on emissions and measurements of these metals is collected and reported by the
EMEP countries. Model assessment of atmospheric input of selected second priority metals to the
Baltic Sea is of importance for HELCOM. Besides, a number of researchers carry out modelling of
pollution levels of the second priority metals on national scale in Europe [Schaap et al., 2018;
Gonzdlez et al., 2012; Mircea et al., 2013; Dore et al., 2014]. Therefore, taking this into account, it
could be reasonable to include assessment of these metals in the research activity within EMEP.

Long-term changes of HCB emissions and deposition to the Baltic Sea

HCB is known as a pollutant of global concern due to its long lifetime in air, significant potential to
long-range transport, and persistence in the environment. HCB was widely used throughout the
world as a fungicide or pesticide from the beginning of 1950s until 1970s, when its application for the
agricultural purposes was banned or severely restricted. Contemporary levels of HCB pollution are
likely supported by unintentional releases due to industrial and combustion processes. Along with
anthropogenic emissions, additional contribution to HCB pollution levels is made by the secondary
emission sources (re-volatilization from surface media). Secondary sources were formed due to long-
term air-surface exchange and accumulation of HCB in the terrestrial and aquatic compartments as
well as due to direct emissions to them. It is believed that contemporary secondary emissions are
considerably larger comparing to the anthropogenic emissions [Barber et al., 2005].

Atmospheric input of HCB to the Baltic Sea for the period from 1990 to 2019 was estimated using the
GLEMOS model. The latest available official inventories of anthropogenic HCB emissions of the
HELCOM and other EMEP countries have been used in the model computations. Analysis of officially
reported national inventories of HCB releases shows that annual anthropogenic emissions of HCB in
the HELCOM Contracting Parties have decreased during the period 1990-2019 by 98% (Fig. 5.9a). The
most significant drop of HCB emissions is indicated for 2002 due to strong reduction of emission
reported by Germany. For the subsequent period 2003-2019 no clear trend in HCB emission changes
can be seen. Spatial distributions of anthropogenic HCB emissions in 2019 (Fig. 5.10a) indicates the
most significant emission fluxes in the areas along the southern part of the Baltic Sea. To evaluate
accumulation of HCB in the terrestrial and aquatic compartments and subsequent re-volatilization,
spin-up global-scale model simulations were carried out for period 1945-2019 based on the updated
MSC-E expert estimates of global historical HCB emissions [Shatalov et al., 2010].

Model simulations indicate decrease of airborne input of HCB to the Baltic Sea by 95% in the period
from 1990 to 2019 (Fig. 5.9b). The decrease of HCB deposition to the Baltic Sea was higher during the
period 1990-2002 comparing to subsequent period 2003-2019. The highest total annual HCB
deposition fluxes over the Baltic Sea in 2019 are estimated for the Gulf of Riga and Gulf of Finland
sub-basins (Fig. 5.10b). The lowest deposition flux is obtained for the Bosnian Sea sub-basin. Due to
substantial reduction of contemporary HCB anthropogenic emissions and accumulation of HCB in the
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environmental compartments, the largest contribution to total annual deposition to the Baltic Sea in
2019 is made by secondary emission sources (re-volatilization from surface compartments).
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Fig. 5.10. Anthropogenic emission (a) and total deposition flux (b) of HCB in the Baltic region in 2019.

In spite of high uncertainties in the anthropogenic and secondary emissions of HCB, model estimates
of regional scale HCB pollution levels show generally reasonable agreement with observed pollution
levels.

Long-term changes of BDE-99 emissions and deposition to the Baltic Sea

A pilot model evaluation of polybrominated diphenyl ethers (PBDEs) atmospheric input to the Baltic
Sea and its sub-basins was carried out for the period 2000-2019. PBDEs are a group of persistent
toxic chemicals that were manufactured and used as flame retardants in various products including
furniture, plastics, textiles, and electronic equipment during several past decades. They were
produced for the commercial purposes in a form of technical mixtures such as penta-BDE, octa-BDE,
and deca-BDE since 1970s. Due to the harmful properties their production and use were banned in
the European Union and globally since early 2000s [Abbasi et al., 2003].

Information on PBDE emissions to the environment is not currently reported on a regular basis by
the EMEP countries. The construction of experimental scenario of long-term changes of BDE-99
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emissions in the EMEP region was performed by MSC-E on the basis of TNO inventory of penta-BDEs
emissions for 2000 [Denier van der Gon et al., 2005]. The approach for estimating the emissions of
selected PBDE congener BDE-99 was based on the results of the studies [Palm et al., 2004; La
Guardia et al., 2006] performing analysis of chemical composition of penta-BDE emissions. Scenario
of long-term variations of emissions was elaborated on the basis of estimates of temporal variations
of penta-BDE emissions described in [Birgul et al., 2012]. In addition, long-term measurements of
BDE-99 at several EMEP monitoring sites were used. Similar approach was applied in this study to
obtain estimates of BDE-99 emissions for the period 2000-2019 (Fig. 5.11a). Expert estimates of
annual anthropogenic BDE-99 emissions for 2019 are shown in Figure 5.12a. It should be noted that
this scenario is subject of high uncertainty. Nevertheless, it can be applied for preliminary analysis of
contemporary levels of PBDE pollution on the basis of model predictions and measurements.

Long-term changes of atmospheric input and source allocation of selected PBDE congener (namely
BDE-99) deposition to the Baltic Sea and its catchment area were estimated using model simulations
on the basis of available PBDE emission expert estimates. Model predictions indicate that airborne
input of BDE-99 to the Baltic Sea has declined by 91% in the period from 2000 to 2019 (Fig. 5.11b).
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Fig. 5.11. Averaged BDE-99 annual mean air concentrations observed the monitoring stations in Europe in
period 2000-2019 and expert estimates of temporal changes of BDE-99 emissions in HELCOM countries relative
to the emissions in 2000 (a). Whiskers indicate the range between minimum and maximum values of observed
concentrations. Long-term changes of modelled total deposition flux of BDE-99 to the Baltic region in 2000-2019
in % of 2000 (b).

Fig. 5.12. Spatial distribution of annual total anthropogenic emission (a) and total deposition fluxes (b) of BDE-
99 in the Baltic region in 2019.
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According to results of model simulations the rates of decline of BDE-99 deposition to the Baltic Sea
were different in the periods 2000-2005 and 2006-2019. In the period from 2000 to 2005, stronger
decline is estimated. The subsequent period (2006-2019) is characterised by less intensive mean
annual decline rate. Reduction of atmospheric input of BDE-99 to the Baltic Sea is connected with the
realization of various abatement measures, which took place in the HELCOM countries as well as
other EMEP countries. Spatial distribution of modelled BDE-99 deposition fluxes for 2019 are
presented in Fig. 5.12b. The highest level of total annual BDE-99 deposition fluxes over the Baltic Sea
in 2019 is estimated for the Sound sub-basin. The lowest deposition flux is obtained for the Bosnian
Bay sub-basin.

5.2.3. OSPAR

In accordance with the contract between MSC-E and OSPAR Commission, model assessment of
atmospheric inputs of selected heavy metals, including cadmium (Cd), lead (Pb), and mercury (Hg) to
the maritime area of the Convention for the Protection of the Marine Environment of the North-East
Atlantic (OSPAR) was carried out. The assessment covers the period from 1990 to 2019 and includes
information on emissions in the OSPAR Contracting Parties (Norway, Sweden, Finland, Denmark,
Germany, the Netherlands, Belgium, Luxemburg, France, Spain, Portugal, the United Kingdom,
Ireland, Iceland and Switzerland), long-term trends of deposition to the OSPAR regions (Fig. 5.13),
evaluation of modelling results against measurements and comparison with the results of previous
assessment. Detailed description of the results prepared for the OSPAR Commission are presented in
[llyin et al., 2022].

Fig. 5.13. Borders of the EMEP domain (blue line) and OSPAR maritime area (green line) with indication of the
OSPAR regions (1 - V).

Total annual atmospheric emissions of all the OSPAR countries have decreased by 96% for Pb, 73%
for Cd and 83% for Hg from 1990 to 2019. The most significant emissions reduction occurred in the
first third of the period. In 2019 total emissions of Pb, Cd and Hg made up 543, 36 and 23 t/y,
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respectively. The largest contributions to total annual heavy metal emissions were made by
Germany, Spain and the United Kingdom.

Deposition of Pb, Cd and Hg to the OSPAR maritime area decreased for the considered period. The
largest decrease took place in the Greater North Sea (Region Il). For example, reduction of Cd
deposition made up 80% (Fig. 5.14), and the decline of Pb and Hg deposition was 87% and 45%,
respectively. The Arctic Waters and Wider Atlantic regions are most remote from the main emission
regions. Therefore, they are characterized by the lowest reduction of deposition, which made up
around 60% for Pb, 35-40% for Cd and about 20% for Hg. In general, the decline of deposition to the
OSPAR regions is lower than the emission reduction because of the effect of secondary and global
sources.

Contribution of emission sources of the OSPAR Contracting Parties to deposition was estimated for
1995, 2005 and 2015. Contribution of the OSPAR countries to deposition is the largest for the
Greater North Sea (Region Il), while the lowest — to the Arctic Waters (Region I) and the Wider
Atlantic (Region V). The major contributors to the Regions I, Il, lll are the United Kingdom, France and
Germany, whereas the Regions IV and V are mostly affected by Spain, Portugal, France and the
United Kingdom. However, contributions of particular OSPAR countries may change over the
considered years.
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Fig. 5.14. Time series of average annual Cd deposition flux to five regions of the OSPAR maritime area in the
period 1990-2019. Blue line is model estimate, red line is trend approximation.

Modelling results were evaluated via comparison with measurement data of the OSPAR
Comprehensive Atmospheric Monitoring Programme (CAMP). At most of the monitoring stations
modelled air concentrations and wet deposition of Pb and Cd agree with observations within a factor
of two. Most of the modelled and observed wet deposition fluxes of Hg agree within +40% (e.g., Fig.
5.15). Higher discrepancies between the modelled and observed Pb, Cd, and Hg values for the first
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part of the period (1990-2000) are likely caused by uncertainties of measurements. At most of the
stations with a long monitoring period both modelled and observed air concentrations and wet
deposition fluxes demonstrate declining trend.
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Fig. 5.15. Modelled and observed annual sum of wet deposition flux of Hg at station GB17 (Heigham Holmes, the
United Kingdom) (a) and NO1 (Birkenes, Norway) (b) in the period 1990-2019.

Current results were compared with the previous assessment covering the period from 1990 to 2006
[OSPAR, 2009]. The model estimates were revised due re-calculation of national emissions by the
EMEP countries, updates of meteorological and other input data as well as refinement of the model
parameterizations. The new modelling results show 10-30% lower average deposition of all three
heavy metals to most of the OSPAR regions. The new results also demonstrate somewhat higher
reduction rates for Pb and Cd deposition, whereas the slopes of Hg deposition trends changed
insignificantly.

The results on the assessment of atmospheric pollution of the OSPAR maritime area by Pb, Cd and Hg
were presented at the online meeting organized by OSPAR Commission. Spatial distribution of the
heavy metal deposition, their long-term trends and contributions of the OSPAR Contracting Parties to
pollution of the OSPAR regions were characterized. Comparison of modelled air concentrations, wet
deposition fluxes and their long-term trends with measured values was demonstrated. Finally, it was
shown that results of current assessment are comparable with the previously reported results. It is
planned that current results of the assessment will be included into Quality Status Report of OSPAR
in 2023.
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6. MAIN CHALLENGES AND DIRECTIONS OF FUTURE RESEARCH

The Status Report summarizes main results of the EMEP activities on heavy metal and POP pollution
assessment in 2022. It contains information on emissions, monitoring and model estimates of
transboundary pollution of the EMEP countries performed in co-operation with national experts,
Subsidiary Bodies of the Convention, and international organizations. Main challenges of the
pollution assessment and directions of future research are outlined below.

e High PAH levels in the EMEP countries and slow pollution reduction are recognized as an
important issue within the Convention that needs further scientific research. Detailed
assessment of PAH pollution in the EMEP region will be continued with focus on population
exposure to B(a)P and particulate matter from combustion sources as a part of the
TFMM/EuroDelta-Carb multi-model intercomparison study.

e Pollution levels of Hg and some POPs in the EMEP region are largely affected by
intercontinental atmospheric transport. Therefore, assessment of pollution levels, long-term
trends and future projections for these contaminants should take into account emission
changes in other continents. Cooperative activities on Hg and POP pollution assessment
within TF HTAP will include collection and evaluation of global emission inventories, multi-
model studies of Hg air-surface exchange as well as source apportionment of combustion-
related POPs, and will be conducted in line with appropriate activities in other international
bodies (Minamata and Stockholm Conventions, AMAP, etc.)

e Contaminants of emerging concern (CECs) comprise a large group of environmental
pollutants that pose risk for human health and environment. Pollution assessment of CECs
presents significant challenges due to insufficient knowledge of their sources, transport and
fate in the environment. Preparatory work for the assessment of CEC long-range transport
and fate will be continued collecting information on physical-chemical properties, releases
and concentrations in different environmental media, and experimental model assessment
of their pollution levels.

e Detailed analysis of pollution levels in individual EMEP countries being performed in co-
operation with national experts involving variety of national data allows evaluation national
emissions and monitoring data as well as improvement of the model assessment on both
national and regional scales. The country-scale case studies on heavy metals and POPs have
been successfully fulfilled for selected EMEP countries (Croatia, the Czech Republic, the
Netherlands, Belarus, Germany, the UK, Spain, France, Norway and Poland) and will be
continued in accordance with requests from other countries.

e Evaluation of adverse effects of heavy metal and POP pollution on human health and
ecosystems is an important activity within the Convention coordinated by WGE. MSC-E will
continue long-term co-operation with WGE focusing on joint analysis of heavy metal
measurements in mosses in co-operation with ICP Vegetation, support of ICP Integrated
Monitoring and ICP Forests with information on heavy metal deposition to various
ecosystems as well as data exchange with TF Health on PAH pollution levels and exceedances
of air quality guidelines.
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Toxic pollutants such as heavy metals, POPs and some CECs adversely affect marine
ecosystems and biota. Assessment of atmospheric pollution of the marine environment with
heavy metals and POPs will be performed in co-operation with HELCOM and OSPAR and will
include model evaluation of long-term trends and source apportionment of atmospheric load
of heavy metals (including metals of second priority) and POPs to the Baltic Sea and the
North-East Atlantic.

EMEP co-operation with other international organizations is an important activity aimed at
dissemination of information and data exchange. MSC-E will continue collaboration with the
UN Environment, AMAP, Stockholm and Minamata Conventions in relation to assessment of
POP and Hg long-range transport and trends.
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Annex A.1

Reporting of priority heavy metals and POPs in EMEP East region

Table A1. Reporting of main heavy metals (Pb, Cd, Hg) in EMEP-East region since 2015

Reporting of main heavy metals

Pb, Cd, Hg)
2015 2016 2017 2018 2019 2020 2021 2022
2008 - 2013
Armenia (onlyPb, onlya few 2014 2016 2017 2019 2020
sectors)
1990 - 2013
Azerbaiian | (omytig, ontyatew | 1990-2014 ®b. | 1990-2015 | 1990-2016 | 1995-2017
sectors) Cd: 1995-2014) (Pb,Cd: 1995-2015) | (Pb, Cd: 1995-2016) (Hg1990-2017)
Belarus 2013 2014-2016 2017 2018 2019 2020
Georgia 2007 - 2013 (n0| 2007-2014 (Cd, | 5047 015 | 2007-2016 | 2007-2017 1990-2019 | 1990-2020
Hg) Hg: 2013-2014)
1990, 2000,
Kazakhstan 2013-2014 | 2005,2010- | 1990 -2016 1990 -2018 | 1990-2019 | 1990-2020
2015
Kyrgyzstan 2014 (onlyHg) 2015 (onlyHg) 2017 2018
Reublic of 1990-2014 (o
epublic o 2013 emissions 1990 - 2015 1990-2017 | 1990-2019
Moldova calculated for the
waste sector)
Russian
Federation 2010-2020
Ukraine 2013 2014 2015 2016 2016, 2017, 2019 2020
2018
1990-2017 | 1990 -2018
Turkey (just for very few | (just for very few | 1990-2019 | 1990-2020
IPPU categories) [IPPU categories)
Table A2. Reporting of POPs (PCDD/Fs, PAHs, HCB, PCBs) in EMEP East region since 2015
Reporting of POPs
(PCDD/Fs, PAHs, HCB, PCBs)
2015 2016 2017 2018 2019 2020 2021 2022
Armenia 2014 2016 (only (2017 (No HCB, o 2019 2020
PCDDI/Fs) PCBs)
1995 -2017
Azerbaijan 19952013 | 1995-2014 (o | 19955015 | 19952016 | (Hce.pcesho
HCB,no PCBs)
data for 2000)
Belarus 2013 2014-2016 2017 2018 2019 2020
2007-2014
(PCDD/Fs) 2007-2016
Georgia 2007;12;;3 M 50132014 | 2007-2015 | (HcBonyzom- | 2007-2017 1990-2019 | 1990-2020
(PAHSs,HCB, 20%6)
PCBs)
1990, 2000,
Kazakhstan 2013-2014 | 2005,2010- | 1990-2016 1990 -2018 | 1990-2019 | 1990-2020
2015
Kyrgyzstan 2017 2018
cenublic of 1990-2014 (o
S 2013 emissions 1990-2015 1990-2017 | 1990-2019
Moldova calculated for the
waste sector)
Russian
Federation 2010-2020
Ukraine 2013 (no 2017 2017, 2018 2019 2020
PCDDI/Fs)
Turkey 1990-2020
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Annex A.2.

Significant changes (over 15 %) between national totals used in models
in year 2022 and national totals used in models in 2021

Data values represent the ‘total national totals’. The column ’data sources’ in the table below
indicates the following four cases:

® “reported”: both 2019 and 2020 data are reported by country.
® “gapfilled”: both 2019 and 2020 data are gap-filled by expert estimates

®  “new gapfilled”: 2019 data was reported by country and 2020 data had to be gap-filled by
expert estimates (because it was not reported by country)

®  “new reported”: 2019 data was gap-filled, 2020 data is as reported by country

The indicator “new” in column “% change” indicates that the value has been either reported or gap-
filled for the first time.

Component Country Data sources Unit 2020 value 2019 value % change Value
change
Cd AM reported t 0.044 0.013 245% 0.032
B(a)P AL new gapfilled t 0.642 0.021 3006% 0.622
B(a)P BA gapfilled t 3.061 1.497 104% 1.564
B(a)P (& reported t 0.146 0.115 27% 0.032
B(a)P ES new gapfilled t 12.950 15.953 -19% -3.003
B(a)P FI reported t 5.987 7.311 -18% -1.324
B(a)P GB reported t 3.676 8.060 -54% -4.384
B(a)P IS reported t 0.008 0.012 -35% -0.004
B(a)P KZT New reported t 65.835 36.754 79% 29.080
B(a)P LI reported t 0.002 0.003 -39% -0.001
B(a)P ME reported t 0.291 0.003 11131% 0.288
B(a)P NO reported t 1.043 1.286 -19% -0.242
B(a)P PL new gapfilled t 82.685 62.160 33% 20.525
B(a)P PT new gapfilled t 8.119 4.962 64% 3.157
B(a)P RS gapfilled t 10.812 6.822 58% 3.990
B(a)P SK new gapfilled t 7.553 6.117 23% 1.436
B(b)F AL new gapfilled t 0.603 0.033 1725% 0.570
B(b)F BA gapfilled t 4.073 1.943 110% 2.130
B(b)F cyY reported t 0.409 0.312 31% 0.097
B(b)F FI reported t 4.748 5.704 -17% -0.956
B(b)F GB reported t 3.200 7.341 -56% -4.141
B(b)F IS reported t 0.031 0.039 -22% -0.009
B(b)F KZT reported t 137.247 52.573 161% 84.674
B(b)F LI reported t 0.002 0.003 -39% -0.001
B(b)F MD new gapfilled t 4.763 6.798 -30% -2.035
B(b)F ME reported t 0.494 0.021 2303% 0.474
B(b)F MT reported t 0.036 0.031 16% 0.005
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Component Country Data sources Unit 2020 value 2019 value % change Value

change
B(b)F NO reported t 2.407 3.418 -30% -1.011
B(b)F PL new gapfilled t 81.906 69.933 17% 11.973
B(b)F PT new gapfilled t 6.172 4.187 47% 1.984
B(b)F RS new gapfilled t 11.849 7.518 58% 4.332
B(b)F SK new gapfilled t 7.513 6.400 17% 1.113
B(k)F AL gapfilled t 0.226 0.010 2084% 0.216
B(k)F BA gapfilled t 1.626 0.653 149% 0.973
B(k)F cYy reported t 0.173 0.132 31% 0.041
B(k)F FI reported t 3.458 4.340 -20% -0.882
B(k)F GB reported t 1.509 3.018 -50% -1.509
B(k)F IS reported t 0.014 0.024 -42% -0.010
B(k)F KZT reported t 99.538 20.853 377% 78.684
B(k)F LI reported t 0.003 0.005 -40% -0.002
B(k)F ME reported t 0.148 0.007 1882% 0.141
B(k)F NO reported t 0.865 1.130 -23% -0.265
B(k)F PL new gapfilled t 37.570 32.046 17% 5.524
B(k)F PT new gapfilled t 3.768 2.161 74% 1.607
B(k)F RO new gapfilled t 7.767 6.615 17% 1.152
B(k)F RS new gapfilled t 4.756 2.933 62% 1.823
B(k)F SE new gapfilled t 0.938 0.792 18% 0.146
B(k)F SK new gapfilled t 3.621 2.257 60% 1.364
Cd AT reported t 0.942 1.162 -19% -0.221
Cd BG reported t 1.433 1.761 -19% -0.328
Cd ES reported t 5.604 7.363 -24% -1.759
Cd GB reported t 4.536 5.589 -19% -1.053
cd GR reported t 1.438 1.720 -16% -0.282
Cd IS reported t 0.005 0.006 -26% -0.002
Cd LI reported t 0.003 0.004 -15% -0.001
Cd LT reported t 0.299 0.188 59% 0.111
Cd MD new gapfilled t 0.396 0.732 -46% -0.336
Cd ME reported t 0.222 0.114 95% 0.108
Cd MT reported t 0.044 0.007 516% 0.037
Cd NL reported t 2.017 2.636 -23% -0.619
Cd TR gapfilled t 3.976 3.211 24% 0.765
Cd UA reported t 5.804 8.434 -31% -2.630
PCDD/F BA gapfilled g I-TEQ 48.004 31.121 54% 16.882
PCDD/F BY reported g I-TEQ 30.214 37.009 -18% -6.795
PCDD/F ES reported g I-TEQ 229.682 172.227 33% 57.456
PCDD/F Fl reported g I-TEQ 9.310 12.132 -23% -2.821
PCDD/F GB reported g I-TEQ 147.375 180.984 -19% -33.610
PCDD/F IS reported g I-TEQ 0.737 0.460 60% 0.277
PCDD/F KZT New reported g I-TEQ 467.355 325.930 43% 141.425
PCDD/F LI reported g I-TEQ 0.049 0.081 -40% -0.033
PCDD/F MC reported g I-TEQ 0.989 1.255 -21% -0.266
PCDD/F ME reported g I-TEQ 0.326 0.131 149% 0.195
PCDD/F MT reported g I-TEQ 0.224 4.324 -95% -4.100
PCDD/F NL reported g I-TEQ 29.686 40.706 -27% -11.020
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Component Country Data sources Unit 2020 value 2019 value % change Value
change

PCDD/F NO reported g I-TEQ 22.003 19.059 15% 2.944
PCDD/F PT reported g I-TEQ 70.660 55.799 27% 14.862
PCDD/F RS reported g I-TEQ 74.221 55.780 33% 18.440
PCDD/F UA gapfilled g I-TEQ 235.833 806.569 -71% -570.736
HCB FR reported kg 22.073 29.794 -26% -7.721
HCB AT reported kg 14.590 17.219 -15% -2.630
HCB BG reported kg 0.276 1.582 -83% -1.306
HCB BY reported kg 0.920 1.112 -17% -0.192
HCB cYy reported kg 0.044 0.023 91% 0.021
HCB (074 reported kg 15.053 18.472 -19% -3.419
HCB DE reported kg 4.766 12.663 -62% -7.897
HCB EE reported kg 0.476 0.345 38% 0.132
HCB GE reported kg 22.066 5.288 317% 16.778
HCB GR reported kg 1.280 1.707 -25% -0.427
HCB HR reported kg 0.359 0.603 -40% -0.244
HCB HU reported kg 2.058 3.219 -36% -1.161
HCB IT reported kg 12.982 10.435 24% 2.547
HCB KzZT reported kg 32.664 7.934 312% 24.730
HCB LI reported kg 0.001 0.001 -28% 0.000
HCB LT reported kg 0.472 0.409 15% 0.063
HCB LU reported kg 0.707 0.507 40% 0.200
HCB MC reported kg 0.008 0.011 -31% -0.003
HCB MD new gapfilled kg 0.187 0.316 -41% -0.129
HCB MK reported kg 0.155 4.422 -96% -4.266
HCB MT reported kg 0.080 0.060 34% 0.020
HCB PL reported kg 3.137 14.917 -79% -11.780
HCB PT reported kg 1.283 2.383 -46% -1.100
HCB S| reported kg 0.456 0.543 -16% -0.087
HCB UA new gapfilled kg 165.951 118.083 41% 47.868
Hg FR reported t 2.377 3.000 -21% -0.623
Hg EE reported t 0.205 0.327 -37% -0.122
Hg GB reported t 3.366 4.009 -16% -0.643
Hg GE reported t 0.218 0.183 19% 0.035
Hg GR reported t 0.811 1.183 -31% -0.372
Hg IE reported t 0.267 0.327 -18% -0.060
Hg LT reported t 0.265 0.147 81% 0.118
Hg LU reported t 0.076 0.099 -23% -0.023
Hg MC reported t 0.001 0.001 51% 0.000
Hg MD new gapfilled t 0.091 0.127 -28% -0.035
Hg MK reported t 0.165 0.211 -22% -0.046
Hg MT reported t 0.013 0.007 95% 0.006
Hg NL reported t 0.495 0.591 -16% -0.096
Hg S| reported t 0.197 0.158 25% 0.040
Hg TR gapfilled t 10.731 6.922 55% 3.809
I(cd)P AL reported t 0.566 0.197 187% 0.369
I(cd)P BA gapfilled t 2.786 0.728 283% 2.058
I(cd)P cY reported t 0.124 0.096 29% 0.028
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Component Country Data sources Unit 2020 value 2019 value % change Value
change

I(cd)P ES new gapfilled t 7.004 8.650 -19% -1.645
I(cd)P FI reported t 4.045 4,955 -18% -0.910
I(cd)P GB reported t 2.067 4.636 -55% -2.569
I(cd)P IS reported t 0.008 0.011 -26% -0.003
I(cd)P KZT reported t 37.269 17.654 111% 19.615
I(cd)P LI reported t 0.003 0.004 -41% -0.002
I(cd)P ME reported t 0.118 0.035 240% 0.084
I(cd)P MT reported t 0.010 0.012 -17% -0.002
I(cd)P PL new gapfilled t 30.725 26.399 16% 4.326
I(cd)P PT new gapfilled t 4.445 2.799 59% 1.646
I(cd)P RO new gapfilled t 11.445 9.934 15% 1.511
I(cd)P RS new gapfilled t 6.134 3.745 64% 2.390
I(cd)P S| new gapfilled t 0.426 0.370 15% 0.056
I(cd)P SK new gapfilled t 4.364 2.748 59% 1.617
I(cd)P ™ gapfilled t 0.378 3.023 -87% -2.645
PAH AL gapfilled t 2.038 0.261 679% 1.776
PAH BA gapfilled t 11.546 4.820 140% 6.726
PAH cYy reported t 0.852 0.654 30% 0.198
PAH ES New reported t 39.468 46.912 -16% -7.444
PAH FI reported t 18.239 22.309 -18% -4.071
PAH GB reported t 10.452 23.055 -55% -12.603
PAH IS gapfilled t 0.061 0.087 -30% -0.026
PAH KZT gapfilled t 339.888 127.834 166% 212.054
PAH LI reported t 0.009 0.015 -40% -0.006
PAH MD new gapfilled t 13.809 16.867 -18% -3.058
PAH ME reported t 1.052 0.066 1490% 0.986
PAH NO reported t 5.138 6.784 -24% -1.646
PAH PL gapfilled t 232.886 190.537 22% 42.349
PAH PT gapfilled t 22.503 14.109 59% 8.394
PAH RS gapfilled t 33.552 21.017 60% 12.534
PAH SK gapfilled t 23.052 17.521 32% 5.531
PAH ™ gapfilled t 5.789 8.244 -30% -2.455
Pb AM reported t 1.197 0.797 50% 0.400
Pb AT reported t 12.472 20.423 -39% -7.951
Pb BE reported t 11.787 14.591 -19% -2.804
Pb BG reported t 10.520 73.808 -86% -63.288
Pb EE reported t 4217 11.374 -63% -7.158
Pb ES reported t 82.196 98.468 -17% -16.272
Pb GR reported t 6.202 7.875 -21% -1.673
Pb HU reported t 7.023 8.561 -18% -1.538
Pb IT reported t 155.825 198.974 -22% -43.149
Pb LT reported t 3.561 2.571 38% 0.990
Pb LU reported t 1.239 1.460 -15% -0.221
Pb MC reported t 0.007 0.013 -50% -0.007
Pb MD new gapfilled t 1.673 2.684 -38% -1.010
Pb MK reported t 2.267 2.676 -15% -0.409
Pb RS reported t 34.980 47.367 -26% -12.387
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Component Country Data sources Unit 2020 value 2019 value % change Value

change
PCB AT reported kg 16.206 34.814 -53% -18.607
PCB BE reported kg 8.727 14.260 -39% -5.533
PCB BG reported kg 2.408 3.099 -22% -0.691
PCB EE reported kg 0.562 0.438 28% 0.124
PCB GB reported kg 705.103 488.764 44% 216.338
PCB GR reported kg 43.920 35.496 24% 8.424
PCB IS reported kg 0.015 0.032 -53% -0.017
PCB KZT reported kg 89.115 123.935 -28% -34.820
PCB LU new gapfilled kg 2.578 12.113 -79% -9.535
PCB LV reported kg 0.138 0.170 -19% -0.032
PCB MC reported kg 0.013 0.020 -34% -0.007
PCB MD new gapfilled kg 1.763 2.171 -19% -0.408
PCB ME reported kg 0.001 0.034 -98% -0.033
PCB MT reported kg 0.001 0.039 -99% -0.038
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Overview of heavy metals and POPs gap-filling in 2022

This chapter provides an overview of
Gap filling of heavy metals (Cd Hg, Pb)

Changes to previous year gap-filling:

Annex A.3.

o Republic of Moldova did not report in 2022. 2020 data and was gap-filled with copy of

2019 data from previous reporting.
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Gap filling of persistent organic pollutants (POPs)
Changes to previous year gap-filling:

e Albania: PAH gapfilled with 2019 data (in previous year reported data was used).

e  Belgium: adjustment of the Indeno and PAH sector sum.

e Bulgaria: adjustment of the PAH sector sum.

e Germany: additional estimation of PAH compounds for iron and steel (reported as ,not estimated’)
and adjustment of the PAH and compounds sector sum.

e Estonia: adjustment of the PAH sector sum.

e Spain: additional estimation of PAH compounds for iron and steel (reported as ,not estimated‘) and
adjustment of the PAH and compounds sector sum.

e  Greece: use of reported B(a)P data (previously: adjustment)

e Hungary: adjustment of the PAH sector sum.

e [taly: additional estimation of PAH compounds for iron and steel and power plants (reported as ,not
estimated’) and adjustment of the PAH and compounds sector sum.

e  Kazakhstan: PCDD/F reported data is used (previously: TNO expert data extrapolation)

e Lithuania: adjustment of the PAH sector sum.

e Luxembourg: adjustment of PAH and compounds sector sum.

e Latvia: adjustment of the PAH sector sum.

e Moldova: additional estimation of PAH compounds for industrial production and sproduct use
(reported as ,not estimated’) and adjustment of the PAH and compounds sector sum.

e Nort Macedonia: adjustment of the PAH sector sum.

e Malta: adjustment of the PAH sector sum.

e Poland: additional estimation of PAH compounds for iron and steel and product use (reported as ,not
estimated’) and adjustment of the PAH and compounds sector sum.

e  Portugal: additional estimation of PAH compounds for industrial production and shipping (reported as
,not estimated‘) and adjustment of the PAH and compounds sector sum.

e Romania: additional estimation of PAH compounds for industrial production (reported as ,not
estimated’) and adjustment of the PAH and compounds sector sum.

e Serbia: use of lately resubmitted data. Additional estimation of PAH compounds for industrial
production (reported as ,not estimated’) and adjustment of the PAH and compounds sector sum.

e Sweden: additional estimation of PAH compounds for industrial production (reported as ,not
estimated’) and adjustment of the PAH and compounds sector sum.

e Slovenia: additional estimation of PAH compounds for industrial production (reported as ,not
estimated’) and adjustment of the PAH and compounds sector sum.

e Slovakia: : additional estimation of PAH compounds for industrial production and product use
(reported as ,not estimated’) and adjustment of the PAH and compounds sector sum.

e Ukraine: PCDD/F expert estimate (previously: reported data). HCB: new expert estimate (lower
emissions).
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B(a)p | B(b)F | B(kF | PCDD/F | HcB IP PAH PCB
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B(a)p | B(b)F | B(kF | PCDD/F | HcB IP PAH PCB
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Annex B.

Update of the assessment results with the new emission reporting data

The results of the model assessment of heavy metal and POP pollution levels, presented in the
chapter 3 of this report, are based on the emission data for the previous year 2019, and the
meteorology, chemical reactants, and land-cover data for the year 2020. This Annex presents the
modelled deposition fluxes and atmospheric concentrations estimated based on the most recent
emission data for 2020. The difference between the results presented in the Annex and those
demonstrated in Chapter 3 is caused entirely by the changes in the emission data.

Relative difference between the modelling results based on emissions of 2020 and 2019 is calculated
according to the following formula:

_ (Y2020 — Y2019)

Aemis_

-100%

Y2019
Here Y,00 and Y,09 are modelled values (deposition flux or air concentration) in 2020 and 2019,
respectively, and A.nis — relative difference between the results. Positive value of the difference
means the increase of the pollution levels in 2020 relative to 2019, and vice versa.

Lead

Over most of the EMEP countries the changes of emission data lead to the decrease of Pb
concentrations and deposition fluxes (Fig. B.1). The decline of air concentrations from 5% to 20%
takes place over Spain, Portugal, Poland, Romania, Hungary, Slovakia, Czechia, Germany, Greece and
most of France and Finland, and over the central part of Russia. In some countries, i.e., in
Switzerland, Austria, the northern and southern parts of Italy, Bulgaria and the central regions of
Russia the increase ranges in 20 — 50% limits, and sometimes even exceeds 50%. Major areas with
increase of air concentrations is noted for a number of regions in Eastern Europe and Sicily and
Calabria regions in the southern part of Italy. Spatial distribution of the difference of deposition
fluxes is similar to that of air concentrations.

In most cases the reduction of the pollution levels is caused by the decrease of Pb emissions of sector
B (“Industry”). Besides, in some countries, e.g., Finland and Ukraine, the reduction in other sectors
such as A (“Public electricity and heat production”), C (“Other stationary combustion”) and E
(“Solvents”) took place. In a number of countries (e.g., Russia, Ukraine, Italy) the changes are strongly
associated with the changes of emission gridding (Chapter 1, Table 1.3), which results to the increase
of emissions and pollution levels in some parts, and the decline in other parts of the countries.

It is worth mentioning that the changes of concentrations and deposition are in general lower than
the changes of emissions. First of all, it is explained by the dispersion of the pollutants in the
atmosphere. On one hand, it results to smaller changes in the vicinity of emission sources. On the
other hand, the changes of the pollution levels due to transboundary transport occur even in the
regions where emissions remain the same. Another reason is the effect of secondary emissions and
transport from non-EMEP sources.
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Fig. B.1. Annual mean modelled air concentrations (a) and total deposition fluxes (c) of Pb based on the
emissions data for 2020 and their relative changes (b and d) from the modelling results based on the
emissions data for 2019.

Cadmium

Decrease of Cd concentrations in air and deposition fluxes due to emission changes is noted for the
United Kingdom, Ireland, Spain, Moldova and the southern parts of Italy, Norway and Finland (Fig.
B.2). The highest decline exceeding 50% takes place over central part of European Russia and over
northern Ukraine. Moderate increase (5 — 20%) of concentrations and deposition occurs in Poland,
Lithuania, Turkey, Bosnia and Herzegovina and in numerous regions of Kazakhstan. Stronger increase
(20 — 50% or even higher) was found for Montenegro, a number of regions in Italy and some areas in
Russia.

The main emission sectors contributing to the decrease of modelled Cd pollution levels are “Other
stationary combustion” (e.g., Finland, Italy, the United Kingdom, Spain, Moldova), “Industry” (e.g.,
Finland, Bulgaria, Italy, Poland, Spain), “Public electricity and heat production” (Finland, Lithuania),
“Solvents” (Finland, Bulgaria, the United Kingdom, Lithuania). Increase of Cd emissions is related to
sectors “Public electricity and heat production” (e.g., Bulgaria, Russia), “Industry” (e.g., Lithuania,
Ukraine) and “Other stationary combustion” (e.g., Bulgaria, Lithuania, Montenegro). Similar to Pb,
the changes in spatial distribution of emissions in a number of countries resulted to local increases or
decreases of Cd pollution levels.
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Fig. B. 2. Annual mean modelled air concentrations (a) and total deposition fluxes (c) of Cd based on the
emissions data for 2020 and their relative changes (b and d) from the modelling results based on the
emissions data for 2019.

Mercury

Modelled mean annual air concentrations and deposition fluxes of Hg in 2020 based on emissions
and meteorological data for 2020 are shown in Fig B.3(a,d), and the relative changes - in Fig. B.3(c,d).
In Turkey, the eastern part Ukraine and several regions in Italy the increase of air concentration was
1 —10%, and the increase of deposition was mainly 5 — 20%, and in some gridcells from 20 to 50%.
The change of Hg emission in sector J (“Waste”) is responsible for the significant increase of Hg levels
in Turkey, and to some extent — in Italy. The increase of sector “Industry” is the main contributor to
the rise of Hg deposition and concentrations in Ukraine. Decrease of Hg air concentrations and
deposition in the United Kingdom, central Russia, Switzerland, the northern part of Ukraine, and
some regions of Germany and Italy. The decrease of Hg levels in Italy and the United Kingdom is
mainly caused by “Industry” sector, and the decline in Germany is explained by “Public electricity and
heat production” sector. The smaller changes of air concentrations compared to the changes of
deposition are explained by large contribution to air concentrations of quite persistent elemental
mercury caused by intercontinental transport.
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Fig. B.3. Annual mean modelled air concentrations (a) and total deposition fluxes (c) of Hg based on the
emissions data for 2020 and their relative changes (b and d) from the modelling results based on the
emissions data for 2019.

PAHs

The modelling results for PAHs based on emissions for 2020 and 2019 are characterized by the large
changes of the pollution levels. Besides the changes in total national emissions (Annex A.2), the
methodology of PAH emission gridding was modified. It resulted in highly patchy spatial distribution
of relative changes between the modelling results based on previous and updated emission data. In
particular, relative differences of air concentrations and deposition fluxes in most of the EMEP
countries are around +20-50% and higher (Fig. B.4).
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Fig. B.4. Annual mean modelled air concentrations (a) and total deposition fluxes (c) of the sum of 4 PAHs,
based on the emissions data for 2020, and their relative changes (b and d) from the modelling results based
on the emissions data for 2019.

PCDD/Fs and HCB

Emission data for PCDD/Fs and HCB, used in the model simulations for 2019, represents scenarios
based on the usage of maximum level of the emissions in the EMEP countries [llyin et al., 2021].
However, in order to carry out model assessment of pollution for 2020, official emission data
prepared by CEIP were applied. Modelled PCDD/F and HCB air concentrations and deposition fluxes
based on the input data related to 2020 are shown in Fig. B.5 and B.6, respectively.

Fig. B.5. Annual mean modelled air concentrations (a) and total deposition fluxes (b) of PCDD/Fs based on
the emissions data for 2020.
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Fig. B.6. Annual mean modelled air concentrations (a) and total deposition fluxes (b) of HCB based on the
emissions data for 2020.
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