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EXECUTIVE SUMMARY

Heavy metals and persistent organic pollutants (POPs) are toxic substances known for their harmful
effects on human health and biota. The priority heavy metals and POPs addressed by the Convention
on Long-range Transboundary Air Pollution (CLRTAP) indude lead (Pb), cadmium (Cd), mercury (Hg),
polychlorinated biphenyls (PCBs), polychlorinated dibenzo(p)dioxins and dibenzofurans (PCDD/Fs),
hexachlorobenzene (HCB), and polyaromatic hydrocarbons (PAHs). The priority PAHs are
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 (lcdP). Co-operative Programme for Monitoring and Evaluation of Long-range
Transmission of Air Pollutants in Europe (EMEP, www.emep.int) performs scientific support of
implementation of the Protocols. Centre on Emission Inventories and Projections (CEIP) is
responsible for coordinating the emission related work of EMEP. Methodological guidance on
monitoring activity in the EMEP region is carried out by Chemical Coordinating Centre (CCC).
Information on results of atmospheric transboundary transport modelling is provided by
Meteorological Synthesizing Centre — East (MSC-E).

Main activities of the EMEP centres in the field of heavy metals and POPs, carried out in accordance
with the bi-annual workplan of the Convention for 2020-2021 [ECE/EB.AIR/144/Add.2], are
overviewed in this Status report. The report includes information on the current status of emissions,
monitoring, model assessment of pollution levels in the EMEP region, research and model
development as well as cooperation with subsidiary bodies to the Convention, national and
international organizations. More detailed information is also available in technical reports
[Travnikov et al., 2021, Gusev et al., 2021; Aas et al., 2021; Pinterits et al., 2021; Schindlbacher et al.,
2021] and Supplementary Data Reports on heavy metals [Strizhkina et al., 2021a] and POPs
[Strizhkina et al, 2021b] 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 emission data have improved significantly since EMEP
has been collecting information on emissions. In 2021 44 parties reported data on emissions of
priority heavy metals, and 45 countries — on POPs. However, uncertainty of the reported data is
considered relatively high. Time series of the reported data for 2000-2019 are analysed separately
for the western and eastern parts of the EMEP domain. In the western part the reduction of
emissions make up 16% for PAHs, about 60% for PCDD/Fs, 65% for PCB, and 95% for HCB. For heavy
metals the reductions are around 40% for Cd, 50% for Hg and 70% for Pb. In the eastern part of the
EMEP region time series are inconsistent exhibiting large variations explained by incomplete
reporting in particular countries. Emission data for 2018 reported in 2021 were compared with 2018
emissions reported in 2020. For 26 countries, data changed by more than +15 % for one or several
pollutants. In contrast, for six countries the changes due to recalculations are below 1%.


http://www.emep.int/
http://www.msceast.org/
https://projects.nilu.no/ccc/reports.html
https://www.ceip.at/

Main emission sectors in the EMEP region are Industry production, Public electricity and heat
production, and Other stationary combustion (Residential combustion). Industry production is the
main emission sector for Cd, Pb, Hg and PCB. Most of PAHs are emitted by Other stationary
combustion sector. Besides, this and Industry production sectors are almost equally important for
PCDD/Fs. For HCB the main sector is Public electricity and heat production.

Sectoral gridded heavy metal and POP emissions were reported by 33 countries. For the remaining
areas missing emissions are gap-filled and spatially distributed by expert estimates. Final emissions
maps for modelling were generated by MSC-E based on the reported emissions data collected and
gap-filled by CEIP and supplemented by additional information on vertical distribution, seasonal
variation and chemical speciation of emissions. Global emission maps were also prepared based on
data derived from research projects and expert estimates.

Monitoring

Monitoring activity for EMEP is coordinated by CCC. In 2019, there were 37 sites measuring heavy
metals in both aerosols and precipitation, and altogether there were 65 measurement sites. 24 sites
were measuring mercury in either air or precipitation, 14 of these with concurrent measurements in
air and precipitation. The highest concentrations in air and precipitation of the first (Pb, Cd) and
second (As, Ni, Cu, Cr) priority metals are in general seen in Eastern Europe. However, there are
hotspots for some elements in other parts of Europe (around the English Channel, Cyprus, Italy). The
highest Hg concentrations in air take place in Poland followed by sites in Germany and UK, while in
precipitation the highest concentrations are seenin the Czechia and in Finland.

Quality of heavy metal measurements is evaluated via EMEP laboratory intercomparisons carried out
annually. The majority of EMEP laboratories participating in the intercomparisons report results of
good quality, however a few laboratories would benefit from the quality improving. In particular, for
the results related to 2019, only 3 laboratories do not satisfy the accepted data quality objective for
As and Cu, 2 for Zn and 1 for Pb, whereas all laboratories passed for Cd, Cr and Ni. In order to assess
and improve quality of Hg measurements it is recommended to perform a field intercomparison or to
include Hg into regular EMEP laboratory intercomparison studies.

In total there are 39 sites reporting 2019 data on POPs whereof 27 sites with measurements in both
air and predipitation. Along with active air sampling method, recommended within EMEP, passive air
sampling is widely used as a complementary approach. For instance, involving data from
comprehensive passive air sampling campaign carried out across European countries in 2016
together with the GLEMOS model simulations allowed establishing the prevailing role of long-range
atmospheric transport of a number of POPsin Norway.

The new strategic plan for 2020-2029 includes recommendation for monitoring of POPs other than
those listed for Level 2 stations as well as organic contaminants of emerging concern (CECs), for
example, polybrominated diphenyl ethers (PBDEs), per- and polyfluorinated alkyl substances (PFAS)
and short-chain chlorinated paraffins (SCCPs). In general, the concentrations of PBDEs and PFAS are



low at the EMEP sites but analysis of the spatial pattern for these new POPs is hampered by limited
number of stations, lack of laboratory intercomparisons and high uncertainty of data. Concentrations
of CECs are higher than those of PAHs and other legacy POPs. This fact shows the importance of
including CECs in monitoring programmes.

Status of heavy metal and POP pollution in 2019

Pollution levels of Pb, Cd, Hg, PAHs, PCDD/Fs, HCB and PCB-153 in 2019 are analyzed for the EMEP
region. Overall pollution load is the highest in Central Europe where the most significant average
deposition fluxes of Pb, Cd, Hg and PAHSs take place. The lowest levels of pollution occurin Northern
Europe as well as in Caucasus and Central Asia. At the same time, the highest PCB-153, HCB and

PCDD/Fs deposition fluxes take place in Western, Eastern and Southern Europe, respectively.

In order to evaluate changes caused by inter-annual meteorological variability between the current
(2019) and previous (2018) years, the pollution pattems for these years based on the same emission
data were compared. Pollution levels of all considered contaminants dedined in Southern Europe,
and almost all —in Western Europe. In Central and Northern Europe the changes were insignificant
(within £10%). In Eastern Europe and Caucasus and Central Asia deposition of most pollutants
increased. The exception is the changes of Cd and Pb. The levels of Pb and Cd significantly dedined in
most of sub-regions. Especially large decline (around 30%) is noted for Central Asia due to decrease

of contribution of wind re-suspensionin 2019.

Verification of the modelling results was carried out by comparing modelled concentrations in air and
wet deposition fluxes with the corresponding values measured at stations of the EMEP monitoring
network. Reasonably good agreement between modelled and observed concentrations is noted for
Pb and Cd. Mean relative bias for Pb and Cd air concentrations is 4% and 23%, respectively, and for
majority of stations the deviations between modelled and observed values lie within a factor of two.
However, the model tends to underestimate the observed wet deposition fluxes by 30% for Pb and
35% for Cd. Modelling results are in agreement with measured background Hg® concentrations, with
relative bias ranging from -10% to 20%. Although the model tends to overestimate the observed Hg
deposition fluxes, the deviation between modelled and observed values is within a factor of two for
most of stations.

Evaluation of modelling results for PAHs against the EMEP measurements showed almost no bias for
B(a)P and lcdP, while for B(b)F and B(k)F some overestimation of observed air concentrations was
obtained (about 60% and 23%, respectively). For most of selected monitoring sites, the difference
between the modelling results and measured concentrations is within a factor of two. For PCB-153,
HCB and PCDD/Fs the model predictions are within a factor of 2 compared to measured
concentrations.

The deposition fluxes of heavy metals within the EMEP region are formed by EMEP anthropogenic
emissions, secondary emissions (wind re-suspension of dust particles containing Pb and Cd,
natural/legacy emissions of Hg), and emissions from sources located outside the EMEP region (non-



EMEP sources). For Pb the contributions of the EMEP anthropogenic and secondary emissions are
comparable, whereas for Cd the role of EMEP anthropogenic emissions is prevalent. The contribution
of non-EMEP sources of Pb and Cd is relatively low for the EMEP countries as a whole, varying from
5% to 25% in Europe and reaching 30-35% in Central Asia and Caucasus. In case of Hg, the main
contributor to deposition in the EMEP region is non-EMEP sources followed by EMEP anthropogenic
sources. The contribution of secondary emissions within the EMEP region is minor.

The contribution of the EMEP anthropogenic sources to total deposition of PAHs ranges from about
70% in the Caucasus and Central Asiato 80% and higherin Central Europe. The relative contribution
of secondary sources and non-EMEP anthropogenic sources is much lower. For other POPs the
contribution of the EMEP anthropogenic sources to total deposition in the considered sub-regions is
20-50% for PCDD/Fs, 15-40% for PCB-153, and 1-3% for HCB. The contribution of secondary
emissions in the EMEP countries is approximately 60% for PCDD/Fs, 70% for PCB-153 and 75% for
HCB.

Deposition fluxes of Pb, Cd and Hg to different types of land cover within the EMEP domain were also
calculated to support the Working Group on Effects (WGE) in assessing adverse effects of heavy
metals on ecosystems and human health. However, it would be important to update the existing
evaluation of the adverse effects on human health and biota.

Model assessment and monitoring data for 2019 indicated high level of annual mean B(a)P air
concentrations, exceeding the EU target value, in some of EMEP countries (e.g. Poland, Croatia,
Slovakia, Czechia, Hungary, and some EECCA countries). Thus, considerable part of total population
of the EMEP countries was exposed to B(a)P air concentrations higher than the air quality guidelines
(7% for the EU target level and 63% for the WHO reference level). Besides, importance to consider
wider list of toxic PAHs in the assessment of population exposure was highlighted. In particular,
model estimates of B(a)P-equivalent air concentrations of 4 PAHs showed higher fractions of
population living in the areas of concentrations above the EU target value (15%) and of WHO
reference level (more than 70%).

In addition to the pollution assessment for the EMEP countries, atmospheric loads of heavy metals
and POPs to remote regions such as the Arctic and the marginal seas (the Baltic, Black, Caspian,
Mediterranean and North Seas) is evaluated and discussed in the report. Besides, the regional
assessment within the EMEP domain is supported by global-scale simulations to take into account
effect of long-range transport of the pollutants from emission sources located in other regions and
continents. It is particular relevant for Hg and some POPs (HCB, PCDD/Fs), which are characterized by
long residence time in the atmosphere. However, improvement of the global-scale assessment
requires additional efforts for development of global emissions inventories for heavy metals and
POPs in co-operation with other international bodies (UN Environment, Stockholm Convention,
Minamata Convention).






























































































































































































































































































































































































































Central, Western, and Southern Europe (e.g. Poland, Belarus, Austria, Switzerland, Spain, Greece)
due to lower PCDD/F emissions in 2019. In addition to this, the updates of spatial distribution of
emissions in some of the EMEP countries (e.g. Bulgaria, Russia, Kazakhstan) noticeably affects the
changes of PCDD/F pollution from 2018 to 2019.
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Fig. B4. Annual mean air concentrations (a) and total deposition fluxes (c) of PCDD/Fs
based on the emissions data for 2019 and their relative changes (b and d) from the results
based on the emissions data for 2018.

Modelled concentrations and deposition of HCB based on emission and meteorological data for 2019
are shown in Fig. B.5a and B.5c, respectively. The corresponding changes between the HCB levels
based on emissions in 2019 and 2018 are shown in Fig. B.5b and B.5d. Concentrations and deposition
of HCB in the EMEP region are strongly affected by non-EMEP and secondary sources. Therefore, the
changes in the modelled pollution levels caused by the changes of emissions in the EMEP countries
are smoothed. Compared to 2018, the use of emissions of 2019 led to decline of HCB concentrations
and deposition in the eastern part of the EMEP region, in Portugal, Austria and some regions of the
western part of Finland. Minor increase of concentrations and deposition takes place in the central
part of Bosnia and Herzegovina.

Differences between the estimates of air concentrations and total deposition fluxes of PAHs are
shown in Fig. B.6. Model simulations based on the 2019 emission data indicate increased levels of air
concentrations and total deposition fluxes in countries in Western and Northern Europe as well as
the Caucasus and Central Asia in comparison with the results based on 2018 emission data. At the
same time, air concentrations of 4 PAHs in the Mediterranean region decreased from 2018 to 2019.
In particular, increased PAH emissions in Germany, Finland, France, and Kazakhstan led to higher PAH
pollution levels in 2019 as in these countries and in the surrounding areas comparing to 2018. On the
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opposite, decreased emissions of Spain, Greece, Albania, and Poland resulted in lower PAH pollution
levelsin these countries in 2019.
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Fig. B.5. Annual mean air concentrations (a) and total deposition fluxes (c) of HCB based on
the emissions data for 2019 and their relative changes (b and d) from the results based on
the emissions data for 2018.
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Fig. B.6. Annual mean air concentrations (a) and total deposition fluxes (c) of the sum of 4
PAHs based on the emissions data for 2019 and their relative changes (b and d) from the
results based on the emissions data for 2018.
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Annex C.
Model parameterizations for soil and vegetation compartments

Here the derivation of equation system for air, soil and vegetation concentrations for the approach
considering atmosphere-soil-vegetation system as one compartment (see [Bash, 2010; Zhang et al.,
2009; 2010; Wang et al., 2014] and citations therein) is given in detail. The description of exchange in
such a model is based on the so-called compensation points Xsoi, Xcut @nd Xenp instead of
concentrations in the corresponding media. Here the indexes soil, cut (cutide) and cnp (canopy, that
is, vegetation + soil compartment) are used. These compensation points are the values of air
concentrations for which the flux of the exchange between considered medium and air changes its
direction. Formulas for these compensation points are given below.

Relations for fluxes for vegetation-covered soil:

_ Xcenp—Catm
Fcnp—>air - Ra+Rp (C-l)
1
Fsoil—>cnp = m ()(soil - chp)f (C.2)
LAI
Freg-cnp = @ (Xcut - chp)r (C.3)

The relations for compensation points for soil and vegetation are:

Steaf Queg Csoil
_ 2leaj <veg , = ——sotl c4
Aeut = =4 per * Asoil Psoil—air (€4

where Si.; is specific surface area of vegetation, m’/m’, Q. is surface density of the pollutantin
vegetation, ng/mz, Csoi is the concentration of the pollutantin soil, ng/m3, LAl is leaf area index, BCF
is the bioconcentration factor, and Pgy;;_g4ir is soil-air partitioning coefficdient. Following [Sutton et
al., 1998], the relation for canopy compensation pointis obtained from

Fcnp—>air soi—cnp + E;eg—mnpr (C-5)

which leads to (here stomatal pathway of air-vegetation is not considered)

X _ [Rcatm + LAI'Xcut_I_ Xsoil ]/[ 1 + LAI + 1 ] (C.6)
Cn - . .
P atRp Reut RactRsoil Ra+Rp  Rcut  RactRsoil

Here C.. is the atmospheric concentration, R, is soil resistance calculated in parameterization of
soil processes, R, and R, are standard resistances of atmospheric boundary layer. The resistance R
is calculated via cuticle permeance P ;e and partition coefficient Ky waer [Barber et al., 2004]:

K ir/Water
Rew = = o (C.7)
where
log P.yticle = 0.734 log Ky — 11.26, (C.8)

and cuticle/water partition coefficient K., is given by
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logK.w = 0.057 + 0.970 log Ko, (C.9)

Kow being the octanol/water partition coefficient.

The in- canopy resistance R, (being the same for all gaseous species) can be calculated as described

in [Zhang et al., 2009]:

RacoLAIY4

R, = =2 (C.10)
where u, is friction velocity, and R, can be obtained from the following table:
Surface types Average value of R, Range
Deciduous forest 200 100 - 300
Coniferous forest 80 60 — 100
Grass 25 10-40
Shrubs 40 20-60
Arable lands 30 10-50
Bare soil 0 -
Urban 0 -
Glasier 0 -
Water 0 =
Relations for fluxes (C.1) — (C.3) can be now rewritten in the following form:
Fcnp—>air =
LAI 1 1/ 1/
—C. - Reut RactRsojl + Steaf Qveg (Ra+Rp) Csoil_, (Ra+Rp) (C.11)
atm 1y (Rq+Rp) LAl __ Rq+Rp BCF Reut ;a5 Reut Psoil—air 2actRsoil ; ,;RactRsou /A~
" Reut  RactRsoil Ra+Rp RactRgoil Rq+Rp Rcut
Fsoil—»cnp =
1 1 1 1
—C . /(RaC+Rsoil) _ Steaf Queg . /(Rac+Rsoil) + Csoil . Ra+Rb+ Al Rcut (C 12)
atm 1y (Rq+Rp) LAl __ Rq+Rp BCF Reut ;474 —Reut Psoil—air RactBsoil ; , RactRsoiu  /A™
" Rcut  RactReoil RatRp RactRsoil atRp Rcut
Fveg—>cnp =
LAI 1t 1 LAI
—C . /Rcut + Steaf Queg ._RgtRp RgctRgpj Csoil . /Rcut (C 13)
atm 14 (Rq+Rp) LAl __ Rq+Rp BCF Reut ;a5 Reut Psoil—air 2actRsoil, ; ,;RactRsou /A~
" Reut  RactRsoil Ra+Rp RactRgoil Rq+Rp Rcut
These formulas can be represented as
Fcnp—>air =—Cqm Ao+ Qveg By + Csoi1* Co, (C.14)
Fsoil—>cnp =—Cam A1 — Qveg "By + Csoi1" Cy, (C.15)
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Fveg—>cnp =—Cqm-A2 + Qveg "By — Csoi1" Co, (C.16)

where the coefficients are calculated from (for vegetation-covered soil) via conductances by

A1 — gab'gsoil' (C17)
Jtot
AZ — gab'gcut' (C.18)
Jtot
S1 i
B1 — eaf  YJsoil : (C.19)
BCF Rcut'Gtot
S1 + i
B, = eaf Jab gsotll (C.20)
BCF  Rcut'Gtot
1 ( + ) .
C, = . Gab+gcut) Gsoil (C.212)
Psoil-air Jtot
1 . ,
Cz — . Yeut gsotll (C22)
Psoil-air Jtot

Ao=A1+A,, By=B,-B, Co=C,—C,, and

1

Jov= (c.23
LAI
Geut = R (C.24)
cut
N=— (C.25)
Gsoir = RactRsoil ’
Gtot = YGab T Gcut T Isoil (C.26)

As a consequence of relations (C.14) — (C.16) we can obtain the system of differential equations for
Catms Cooil and Qvegr name'y

0Catm

att = Fenpoair/AZ gem = (_Catm Ao+ Queg * Bo + Csoir - CO)/dZatmr (C.27)
0Csoi

ot L= _Fsoilﬁcnp/dzsoil = (Catm A+ Qveg "By — Csoir - Cl)/dZsoilr (C.28)
ane

6tg = —Fyegcnp = Catm ™ A2 = Queg” B2 + Csoir* Ca (€.29)

Here dZ,. and dZ; are thicknesses of lower atmosphere and upper soil layers. Formulas (C.27) —

(C.29) should be used for the modelling of vegetation-air exchange.
Further, inter-mediafluxes can be calculatedin terms of A, B;and C;:
AirSoilFlux = CoumAq, (C.30)

AirVegFlux = CymA,, (C.31)
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SoilAirFlux = Coii- Co, (C.32)

SoilVegFlux = Cyi- G, (C.33)
VegAirFlux = Qe Bo, (C.34)
VegSoilFlux = QuegBs.- (C.35)

Equation system (C.27) — (C.29) can be easily solved explicitly since conservation law gives first

integral for the system:

Catm * dZgtm + Csoir * AZsoi + Queg = const. (C.36)

So, for the construction of explicit solution it is necessary to solve quadratic equation only. However,
in the case when vegetation uptake through stomata is considered (as for Hg), the equation system
should be of 4x4 size, and for explicit solution characteristic equation is cubic and should be solved

by Cardano formulas.

For bare soil the flux from soil to the atmosphere is given by

1
Fsoir = m (Xsoil - Catm)- (C.37)

Substituting the expression for soil compensation point from (4) we obtain

1 Csoi
Fsoit—air = ( sof _Catm)- (C.38)

Raq+Rp+Rsoil \Psoil-air
So, for this land use the coefficients in (C.14) — (C.16) are

1

A=A, =—1
0 1 Ra+Rp+Rsoil

(C.39)

and

1
(Ra+Rp+Rsoi) Psoil—air

Co=0Cy

(C.40)

The rest coefficients should be put to zero (if used).
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