Conventionon Long-Range Transboundary Air Pollution

Co-operative programme for monitoring
and evaluation of the long-range
transmission of air pollutants in Europe

= m
N O
ST
N Z
< O
Q)

>
Qé)u—
<A
S
N

Trends in deposition of heavy metals
to the OSPAR maritime area

kg/km'ly

I <0.05

Bl 005-01

Il 0.1-02 4z

Bl 02-03
03-05

B 05-07

Il o7-1

—

kg/kmiy
<

Technical Report 1/2022

- _'ﬁ_—-_,‘

Meteoroiogical Synthesizing Centre - East







EMEP /MSC-E Technical Report 1/2022

Trends in deposition of heavy metals
to the OSPAR maritime area

llia Ilyin, Oleg Travnikov, Olga Rozovskaya, Irina Strizhkina

.
]

MSC-E

MCS-E
Meteorological Synthesizing Centre - East

2™ Roshchins ky proezd, 8/5, 115419 Moscow, Russia
Phone.: +7 926 29200 18

E-mail: msce@msceast.org

Internet: www.msceast.org






EXECUTIVE SUMMARY

Model assessment of atmospheric inputs of selected heavy metals, induding 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 results of the assessment
comprise annual anthropogenic emissions of Pb, Cd and Hg from the OSPAR Contracting Parties for
the period 1990-2019, modelled time-series of total annual atmospheric deposition of the selected
heavy metals to 5 regions of the OSPAR maritime areain 1990-2019 and contributions of the OSPAR
Contracting Parties to total annual deposition of Cd, Pb, and Hg to the OSPAR regions in 1995, 2005
and 2015. In addition, the modelling results were evaluated against monitoring data from the OSPAR
Comprehensive Atmospheric Monitoring Programme (CAMP) for available years of the period. The
modelled time-series of total annual atmospheric deposition to the OSPAR maritime regions were
also compared with previous estimates performed for the period 1990-2006 (OSPAR, 2009).

Emissions of Pb, Cd and Hg in the OSPAR Contracting Parties were reduced over the considered
period by 96%, 73%, and 83%, respectively. The most significant emissions reduction occurred in the
first third of the period. Among the OSPAR Contracting Parties the largest reduction of Pb emissions
took place in France (98%), Sweden (98%) and the United Kingdom (97%), whereas Pb emissions in
Iceland increased by 77%. The strongest dedine of Cd emissions occurred in Finland (88%) followed
by France (87%). Mercury emissions the most significantly decreased in Denmark (93%) and the
United Kingdom (90%).

Deposition of the considered heavy metals to the OSPAR maritime area considerably decreased in
the period from 1990 to 2019, following the emission reduction. The largest deposition decline was
found for the Greater North Sea (Region Il), where the deposition decreased by 87%, 80% and 45%
for Pb, Cd and Hg, respectively. The lowest deposition reduction was estimated for the Arctic Waters
(Region 1) and the Wider Atlantic (Region V), where deposition decline amounted to about 55 — 60%
for Pb, about 35 — 40% for Cd, and below 25% for Hg. The decline of deposition to the OSPAR regions
is lower than the emission reduction because of the effect of secondary and global sources.

The largest contribution of the OSPAR Contracting Parties to atmospheric deposition of heavy metals
is estimated for the Greater North Sea (Region Il), while the lowest — to the Arctic Waters (Region |)
and the Wider Atlantic (Region V). The major contributors to the Regions I, I, Il are the United
Kingdom, France and Germany, whereas the Regions IV and V are mostly affected by Spain, Portugal,
France and the United Kingdom. Due to reduction of anthropogenic emissions contribution of the
total deposition declined markedly from 1995 to 2005, and insignificantly decreased from 2005 to
2015.

Modelled Pb and Cd air concentrations and wet deposition agree with the observed values within a
factor of two at most of monitoring stations. However, the model tends to somewhat underestimate



wet deposition fluxes. Most of the modelled and observed wet deposition fluxes of Hg agree within
+40%. At most of stations with a long monitoring period the modelling results agree with
observations demonstrating dedining trends over the considered period. Discrepancies between
modelled and measured values are caused by uncertainties of emissions estimates, monitoring data
as well as the model parameterisations

The estimates of heavy metal deposition to the OSPAR maritime area are in general agreement with
the results of previous OSPAR assessment covering the period 1990-2006. The modelling results 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 parameterisations. The new model
estimates demonstrate 10-30% lower average fluxes and somewhat higher reduction rates of heavy
metal deposition to most of the OSPAR regions.
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1. INTRODUCTION

Heavy metals and their compounds are toxic pollutants, which can harmfully impact human health
and ecosystems. These substances are dangerous at low exposure levels and have acute and chronic
effects on human health. In particular, they are multi-organ toxicants and adversely affect
neurological, cardiovascular, renal, gastrointestinal, hematological and reproductive systems. In the
environment, heavy metals are toxic to plants, animals and micro-organisms. In particular, they can
bioaccumulate in food webs and cause harm to marine life. Heavy metals enter the marine
environment through various routes including direct discharges, riverine inputs and atmospheric
deposition. The atmospheric pathways remain important providing from one fifth to two thirds of
total heavy metal input to the marine environment [OSPAR, 2017], despite progress made under the
1998 Aarhus Protocol (and its 2012 amendment) of the UN ECE Convention on Long-Range
Transboundary Air Pollution [UNECE, 2012]. Importance of the atmospheric route varies significantly

over the marine regions andin time.

This report is focused on 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). The assessment was
performed by the Meteorological Synthesizing Centre — East (MSC-E) of the Co-operative Programme
for Monitoring and Evaluation of the Long Range Transmission of Air Pollutants in Europe (EMEP) at
the request of the OSPAR Commission and includes evaluation of long-term trends of Cd, Pb, and Hg
deposition to the North-East Atlantic Ocean (OSPAR maritime area) for the period 1990-2019 as well
as the source-receptor relationships of heavy metal deposition for selected years of the period.

The data products of the assessment indude (Annex A):

¢ Annual anthropogenic emissions of three heavy metals (Cd, Pb, Hg) from the OSPAR Contracting
Parties for the period 1990-2019.

e Modelled time-series of total annual atmospheric deposition of the selected heavy metals to 5
regions of the OSPAR maritime area (Arctic Waters, Greater North Sea, Celtic Seas, Bay of Biscay
and Wider Atlantic) for the period from 1990 to 2019.

e Contributions of the OSPAR Contracting Parties to total annual deposition of Cd, Pb, and Hg to the
5 regions of the OSPAR maritime area for selected years (1995, 2005, 2015).

In addition, the modelling results were evaluated against monitoring data from the OSPAR
Comprehensive Atmospheric Monitoring Programme (CAMP) for available years of the period. The
modelled time-series of total annual atmospheric deposition to the OSPAR maritime regions were
also compared with previous estimates performed for the period 1990-2006 [OSPAR, 2009].



The report presents main results of the assessment. An overview of the assessment approach is given
in Chapter 2. Long-term changes of anthropogenic emissions of the considered heavy metals to the
atmosphere in the OSPAR Contracting Parties are characterized in Chapter 3 as well as emissions
data on a global scale used for modelling effect of distant emissions sources on the OSPAR region.
Description of time series of heavy metal deposition to the OSPAR maritime are is givenin Chapter 4.
Evaluation of the modelling results against observed air concentrations and wet depositionis given in
Chapter 5and Annex C. Chapter 6 includes comparison of the current results with previous estimates
of heavy metal atmospheric input to the marine environment from the OSPAR Assessment 2009.
Main conclusions of the study are formulated in Chapter 7. Numerical data products of the
assessment in the form of tables are presentedin Annex B.



2. ASSESSMENT APPROACH

The chapter outlines the assessment approach including information on the modelling system,
processing of the output data products and the procedure of evaluation of the modelling results
against observations.

2.1. Model setup

The model assessment was performed using the Global EMEP Multi-media Modelling System
(GLEMOS), version v2.2.1. Description of the current stable version of the model is available at the
MSC-E website (http://msceast.org/index.php/j-stuff/glemos).

Model simulations of Pb, Cd and Hg deposition to the OSPAR maritime area and source-receptor
relationships were carried out on both regional (EMEP domain, https://www.ceip.at/the-emep-grid)

and global scales. Anthropogenic emission data for modelling of the pollutants for the period 1990-
2019 were prepared based on the EMEP emissions reporting (Chapter 3).

Data on wind re-suspension of partide-bound heavy metals (Pb and Cd) from soil and seawater were
generated using the dust pre-processor [Gusev et al., 2006; 2007]. Data on background topsoil
concentrations of heavy metals is derived from the results of the FOREGS programme [Salminen,
2005]. In order to take into account long-term accumulation over a long-term period, spatially
distributed enrichment factors for concentrations in soils were utilized. It is assumed that the
enrichment factor is proportional to the accumulated deposition. The enrichment of sea-salt aerosol
with Pb and Cd was calculated based on [Richardson et al., 2001].

Prescribed fluxes of natural and secondary Hg" re-emissions from soil and seawater were generated
depending on Hg concentration in soil, soil temperature, and solar radiation for emissions from land
and proportional to the primary production of organic carbon in seawater for emissions from the
ocean [Travnikov and llyin, 2009]. Additionally, prompt re-emission of Hg from snow is taken into
account using an empirical parametrization based on the observational data [Kirk et al., 2006;
Johnson et al., 2008; Ferrari et al., 2008].

Meteorological information for model simulations for the period from 1990 to 2018 was generated
from the ERA-Interim re-analysis data of the European Centre for Medium Range Weather Forecasts
[ECMWEF, 2020]. Operational analysis data of ECMWF were used for 2019. Original meteorological
data were processed by meteorological pre-processor based on the Weather Research and Forecast
modelling system (WRF) [Skamarock et al., 2008]. Atmospheric concentrations of chemical reactants


http://msceast.org/index.php/j-stuff/glemos
https://www.ceip.at/the-emep-grid

(O3, OH, SO,, NO; and Br), which are required for description of Hg chemistry, were derived from the
MOZART and p-TOMCAT models [Emmons et al., 2010; Yang et al., 2005; 2010].

Boundary conditions for the regional scale simulations of all considered pollutants were obtained
from the GLEMOS model runs on a global scale. Initial conditions were generated with one-month
spin-up model runs for regional simulations and a three-year spin-up run for the global-scale Hg
modelling.

2.2. Data processing

OSPAR maritime area is presented by five regions: Region | - Arctic Waters; Region Il - Greater North
Sea; Region Il - the Celtic Seas; Region IV - Bay of Biscay and Iberian Coast and Region V - Wider
Atlantic. Regions Il, Ill and IV are fully covered by the EMEP grid (Fig. 1). However, only part of the
Regions | andV is covered by the EMEP grid. In order to prepare deposition data for the entire OSPAR
area global scale modelling with coarse spatial resolution (3°x3°) was performed. Merging of the
modelling results based on global-scale and regional-scale calculations in Regions | and V results in
inconsistency at the western and northern borders of the EMEP grid. In order to avoid the
inconsistency, the regional grid was extended to cover the OSPAR regions | and V entirely. Global-
scale results were interpolated to the extended grid with finer spatial resolution. These interpolated
data were used to fill in parts of the OSPAR regions, which are not covered by the EMEP grid. To
smooth the border between the interpolated global-scale and regional-scale calculations five
westernmost gridcells of the EMEP grid were assumed to be “transitional”, where deposition flux
was calculated as weighted mean between interpolated global deposition and regional-scale
deposition. The weight is proportional to the distance from the western border of the EMEP grid
along latitude. The resulting spatial distribution of deposition flux was further used to calculate long-
term trends of deposition and to establish source-receptor relationships for each OSPAR region.

Figure 1. Border of the EMEP domain (blue line) and OSPAR maritime area (green line) with indication of
the OSPAR regions (I - V).
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In order to characterize long-term changes of heavy metal pollution levels the bi-exponential
approximation of trends was applied [Colette et al., 2016]. The changes of heavy metal pollution
levels in the period from 1990 to 2019 are typically non-linear with faster decline in nineties and
slower change after nineties. The bi-exponential approach assumes that long-term changes are
approximated by “fast” exponent well describing the reduction in the beginning of the period, and

“slow” exponent explaining the decline after the nineties (1):

t t
C(t) =a,-exp|—— ) +a, exp| —— (D
T1 T2
Here C(t) is approximated deposition or concentration trend at time t, 7; and 7, are characteristic
times and a; and a, are coeffidents.

This approach was applied to characterize trends of deposition to the OSPAR regions, and to
modelled and observed air concentrations and wet deposition at monitoring stations. Long-term
changes are characterized by total change for the period (2) and mean relative annual rate of change

(3):

(Cbeg - Cend) Cend
Rppe = —2—"2 =1 — 1€ 2)
fot Cbeg Cbeg
1
C N-1
Rav — 1 _ end (3)
Cbeg

Average rate of change is geometric mean of the annual changes between two neighbouring years.
Cpeg and Cepq are the trend values of the first and the final years of the considered period and N is

number of considered years.

2.3. Comparison of modelling results with observations

Statistical indicators used for comparison of modelled and observed values includes mean relative
bias (MRB), Pearson’s coefficient of correlation (R ), calculated by formulas (4) and (5), respectively:

(M - 0)
MRB = ~—=—"100% 4)

N (M;— M) (0; — 0)

R, =
Jziil(Mi — 250, - 0)?

(5)

In (4) and (5) modelled values are denoted as M and observed values as O. Besides, faction of
stations where discrepancy between modelled and observed values lies within a factor of 2 (F2) was
determined. Finally, in order to characterize long-term changes of modelled and observed air
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concentrations or deposition fluxes at monitoring stations mean relative rate of change (3) was used.
The change was calculated for stations where measurements for at least half of the considered
period were available.

Prior to the comparison, the outliers in raw measurement data were identified and filtered out. In
order to identify the outliers in time series of each year the standard deviation method was applied
[e.g., Bain and Engelhardt, 1992]. The method defines the outlier as a value falling outside the range
of <M>+(3*SD), where <M> is the mean value, and SD is the standard deviation. This method was
applied for concentrationsin air andin precipitation.

Due to gaps caused by missing or incorrect measurements or filtering out of outliers the time series
of each year are often incomplete. Annual mean measured concentrations or annual sums of wet
deposition were not used in the analysis if their completeness was below 50%. Besides, for
comparability of measured wet deposition fluxes at different stations and different years observed
wet deposition fluxes were adjusted to the full-year period. Each accumulated annual value was
converted to mean daily flux via dividing by actual number of days when measurements were
available. Then daily flux was multiplied by a number of days in a year (365 or 366). Impliditly it
means that for the missing period of a year the same average concentration in precipitation and the
same average daily precipitation sums are assumed [/lyin et al., 2020].

Comparison of modelled and observed air
concentrations and wet deposition was carried
out for stations of Comprehensive Atmospheric
Monitoring Programme (CAMP) (Fig. 2). The
results of the comparison presented as time
series diagrams for the period from 1990 to 2019
period are summarized in Annex C. There are
several stations where modelled values markedly
(by an order of magnitude) underestimate the
observed values. These are wet deposition fluxes
for stations BE4, GB92, GB93 and DK5. Wet
deposition fluxes observed at these stations are
not included into the statistical analysis. Data on
Hg in air measured at station BE13 are
unrealistically low and are also not used in the
analysis. Nevertheless, the diagrams showing
comparison of modelled and observed levels are
presentedin Annex C for all stations.

Figure 2. Location of stations of Comprehensive
Atmospheric Monitoring Programme (CAMP).

12



3. EMISSION DATA

The chapter is focused on emission data used for modelling of heavy metals on regional and global
scales. Emissions of Pb, Cd and Hg and their long-term changes in the OSPAR Contracting Parties are
overviewed. Available global-scale emission data for Hg and development Pb and Cd global emissions
estimates are described.

3.1. EMEP regional emissions

Total annual emissions of heavy metals are officially reported by EMEP countries to the UN ECE
Secretariat. These data are available from the EMEP Centre on Emission Inventories and Projections
(CEIP) (http://www.ceip.at/). Time-series of annual heavy metal emissions for the years 1990-2018
(submission 2020) and 2019 (submission 2021) were reported by 33 EMEP countries (65%), including
all OSPAR Contracting Parties. For other EMEP countries that provided data for the part of the period
(20% of the countries) or did not submit their emission data (15% of the countries) expert estimates

of emissions were used elaborated on the basis of methodology developed by CEIP [Tista et al.,
2019].

Spatial distribution of heavy metal emissions in the EMEP domain was constructed by CEIP for 2018
and 2019. For other years (1990-2017) the spatial pattem for 2018 was applied for the model
simulations, taking into account the sectoral composition for each country. The spatial distribution in
every EMEP country is available for each of the 13 GNFR emission sectors used in modelling
(A_PublicPower; B_Industry; C_OtherStatComb; D_Fugitive; E_Solvents; F_RoadTransport;
G_Shipping; H_Aviation; |_Offroad; J_Waste; L_AgriOther and M_Other) for 2018. For each sector a
ratio between total sector emissions in 2018 and the emission in every year of the period 1990-2017
was determined. The spatial distribution of sector emissions in 2018 was multiplied by the calculated
ratios to produce spatial distributions of sector emissions for other years. Therefore, total sector
emissions differ from year to year, whereas the spatial patterns of sector emissions remain the same
for the period from 1990 to 2018.

Long-term changes of Pb, Cd and Hg anthropogenic emissions in the OSPAR Contracting Parties in the
period 1990-2019 are shown in Figs. 3-5. 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. In 2019 total
emissions of Pb, Cd and Hg made up 543, 36 and 23 t/y, respectively. The largest contributions to
total annual heavy metal emissions were made by Germany, Spain and the United Kingdom.
Numerical data on heavy metal emissions in the mentioned above countries along with total
emissions from the EMEP area are presented in Tables B.2-B.4. (Annex B).
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Among the OSPAR countries the level of uncertainty in officdial data on HM emissions was reported by
Belgium, Denmark, Finland, France, Sweden, Switzedand and the United Kingdom. Uncertainties in
the reported data on HM emissions for 2019 expressed as percentage relative to mean value of
emissions are given in Table 1. In most of the Contracting Parties the uncertainties make up tens of
per cents with minimum of 25% for Pb emissions in Sweden. The highest uncertainties reaching

almost 500% are reported by Denmark.

Table 1. Uncertainties (%) of officially reported total values of national emission data on Pb, Cd and Hg of
the OSPAR Contracting Parties in 2019.

Belgium Denmark Finland France Sweden Switzerland UK
Pb 86 492 33 121 25 50-100 70
cd 107 365 35 40 35 50-100 -30 to +50
Hg 42 120 39 34 72 50-100 -30 to +50

Along with gridded emission data additional emission parameters are required. They indude
seasonal variations, distribution of emissions heights and chemical speciation of Hg emissions.
Required vertical and temporal disaggregation of the emissions was generated using emission
pre-processing tool, developed by MSC-E for the GLEMOS modelling system. More detailed
information on the emission pre-processing procedure is presented in the heavy metal Status Report
[llyin et al., 2018].
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3.2. Global emissions

In order to simulate deposition to parts of OSPAR Regions | and V located outside of the EMEP grid as
well as to produce boundary concentrations of Pb, Cd and Hg for the EMEP domain global-scale
calculations of atmospheric transport have been performed. Gridded Pb, Cd and Hg emission data
over the global scale have been prepared by MSC-E.

The only available emission data on Pb are related to 1989 [Pacyna et al, 1995]. This dataset can
hardly be used because it does not present long-term changes for the considered thirty-year period.
Since lead presented in the atmosphere in particulate form, it was assumed that spatial distribution
of Pb emission is similar to that of particulate matter. For each EMEP country and each considered
year the ratio of officially reported national total Pb emission to PM2.5 emission was established.
Then median value of the ratio was determined for each year. Since the USA and Canada also
reported their national emission data, the ratios for North America were calculated following the
same approach (Fig. 6). As seen from the figure, the ratio for the EMEP countries in 1990 — 2000 is
much higher than the ratio after 2000. It is explained by significant contribution of lead emissions
from combustion of leaded gasoline in the beginning of the considered period. After phasing out of
leaded gasoline in Europe the ratio of Pb to PM2.5 emissions almost stabilized.
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Figure 6. Median value of Pb/PMZ2.5 national to tal emission ratio for the EMEP countries and North America.
Whiskers for the EMEP countries denote range of the ratios between 10th and 90th percentiles.

Global-scale gridded data of PM2.5 emissions have been available in the EDGAR database [ Crippa et
al., 2018; EDGAR, 2021] for the period from 1990 to 2015. For the remaining years (2016-2019) it
was assumed that PM2.5 emissions had not changed since 2015. The ratio of Pb/PM2.5 emissions
calculated for Europe was applied for the whole world, except for North America where Pb/PM2.5
ratio for the USA and Canada was used. Finally, emissions in the EMEP domain were substituted by
gridded emission data for modelling based on CEIP data.

Final spatial distributions of Pb emissions over the globe in 1990 and 2019 used in the modelling are
shown in Fig. 7. Significant decline of Pb emissions in Europe, Central Asia and North America is
explained by sharp decline in nineties due to phasing out of leaded gasoline and further continuous
emission reduction in other sectors. Decline of Pb emissions is also noted for China. Analysis of
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temporal changes of heavy metal emissions in China from 1949 to 2012 was carried out by [ Tian et
al., 2015]. According to [Tian et al., 2015], increase of the Chinese Pb emissions from 1990 to 2000 is

followed by sharp two-fold reduction due to transition to unleaded gasoline. Although after 2000 Pb
emissions have been increasing, the overall dedine of emissions in China between 1990 and 2012

made up around 20%.

L

Figure 7. Global distribution of anthropogenic emissions of Pb in 1990 (a) and 2019 (b).
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Global-scale gridded emissions of Cd are not available. Zhu et al. [2020] published maps of emissions
of a number of trace elements, including Cd, in 2012 with spatial resolution 0.5°x0.5°. However, the

access to the numerical data was not found. In order to produce spatial distribution of Cd emissions
over the globe, it was assumed that spatial distributions of Cd and Hg are similar. Gridded global Hg

emissions for 1990-2019 available for modelling purposes are described below. Long-term trend of
Cd emissions was obtained based on [Zhu et al., 2020]. The authors presented time series of Cd and

Hg emissions for 1995 — 2012 (Fig. 8a), and total emissions of Cd and Hg in six sub-regions of the
world: Asia, South America, North America, Europe, Africa and Oceania (Fig. 8b). Assuming constant

ratios between Cd and Hg emissions in each region, and the same temporal changes of Cd and Hg
emissions as for the entire globe, spatial distribution for modelling purposes was reproduced for

period from 1995 to 2012. Ratios of Cd to Hg emissions for 1990-1994 were assumed to be equal to
those in 1995, and for 2013-2019 - equal to those in 2012. Emissions in the EMEP domain were

substituted by gridded regional emission data.
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Spatial distributions of Cd emissions in 1990 and 2019 used in the modelling are shown in Fig. 9. As
seen, marked reduction of Cd emissions took place in Europe, Central Asia and North America. Some
increase of Cd emissions is noted for China. Emission estimates in China made by [Tian et al.,, 2015]
support this tendency, but the rate of the increase seems to be much higher (about 3.3-fold).
Increase of Cd emissions in South America and some counties of Africa is likely artificial and
explained by the increase of Hg emissions from artisanal small-scale gold mining. Since it is assumed
that spatial distribution of Cd emissions is similar to that of Hg, the increase of Hg regional emission
leads to the corresponding increase of Cd emissions. Nevertheless, these regions of South America
and Africa are located far from the OSPAR maritime area and the influence of their emissions is
expected to be minor on Cd deposition to the OSPAR regions.

Figure. 9. Global distribution of anthropogenic emissions of Cd in 1990 (a) and 2019 (b).

There are a few global emissions inventories for Hg published over the past decade. However, none
of them provide reliable and consistent estimates of Hg anthropogenic emissions for the entire time
period 1990-2019. Besides, there are significant deviations between the inventories in terms of total
estimates of Hg emissions in various regions (see discussion in Travnikov et al., 2021). Therefore, a
global dataset of long-term Hg anthropogenic emissions was compiled as combination of two
emissions inventories: the global Hg emissions inventory for 2010 prepared as a part of the UNEP
Global Mercury Assessment 2013 (GMA, 2013) [AMAP/UNEP, 2013] and the harmonized dataset of
Hg historical emissions for 1990, 1995, 2000 and 2005 [AMAP, 2010; 2011]. Mercury emissions were
kept unchangeable after 2010 in all regions of the globe except for Europe and Central Asia (the
EMEP region). Long-term Hg emissions in the EMEP region were taken from the regional EMEP
emissions data (Section 3.1).

The GMA 2013 inventory estimates global Hg emissions in 2010 at 1960 tonnes and comprises
emissions from combustion of fossil fuels (mainly coal) in power plants, industrial and residential
boilers, metal production (ferrous and non-ferrous), cement production, product use, cremation, and
artisanal and small-scale gold mining (ASGM). The largest emissions of mercury to the global
atmosphere in 2010 are assodated with ASGM (727 tonnes) and stationary combustion of fossil fuels
(484 tonnes, induding 474 tonnes from coal combustion). Other major emission sectors include non-
ferrous metal production (303 tonnes) and cement production (173 tonnes). Figure 10 presents the
global distribution of anthropogenic emissions of Hg in 2010 in comparison with the emissions
pattern in 1990. Areas with elevated mercury emissions correspond to highly industrialized regions
(China, India, Europe, the eastern part of the United States) and areas of artisanal and small-scale
gold mining (East and Southeast Asia, South America, Sub-Saharan Africa).
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Figure. 10. Global distribution of anthropogenic emissions of Hg in 1990 (a) and 2010 (b).
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4. DEPOSITION OF HEAVY METALS TO THE OSPAR
MARITIME AREA

The chapter presents the analysis of heavy metal atmospheric deposition to the OSPAR maritime
area. It indudes information on spatial distribution and long-term changes of Cd, Pb, and Hg
deposition for the period 1990-2019 as well as contributions of emissions from the OSPAR
Contracting Parties to total deposition to the OSPAR regions. Information on long-term deposition
time series and source-receptor relationships is also presented in Tables B.5-B.7 (Annex B).

4.1. Lead

Spatial distribution of Pb deposition was characterized by higher fluxes in the North Sea (Region ll),
and lower fluxes in the Arctic Waters (Region 1) and the southern part of the Wider Atlantic (Region
V) (Fig. 11). For example, Pb deposition flux in 1995 exceeded 1 kg/km?/y over most part of the North
Sea, whereas in the northern part of the Arctic Waters Region the flux ranged from 0.05 to 0.1
kg/km?/y (Fig. 11a). Somewhat higher deposition flux (0.1-0.3 kg/km?/y) was noted for the southern
part of the Wider Atlantic Region. Relatively low deposition in the northern and southern parts of the
OSPAR maritime area was explained by two factors. First of all, the mentioned regions were located
far from main anthropogenic sources. Besides, they were characterized by relatively low annual
precipitation sums. In the years close to the end of the considered period deposition flux in the North
Sea Region and over the Wider Atlantic become comparable.

b

Figure. 11. Spatial distribution of annual Pb deposition flux to the OSPAR maritime area in 1995 (a), 2005
(b) and 2015 (c). Purple lines depict borders of the OSPAR regions.
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Since 1990 deposition of Pb dedined markedly in all OSPAR regions. However, the character of the
reduction varied in different regions (Fig. 12). The highest (almost 90%) reduction between 1990 and
2019 took place in the Greater North Sea (Region Il) followed by the around 80% dedine in the
Celtic Seas (Region lll). In these regions the highest reduction rate was obtained for the first part of
the considered period (1990-2001), while after 2000 the rate of deposition change decreased. The
Regions Il and Ill were surrounded by the countries characterized by relatively high emissions in
nineties (e.g., the United Kingdom, Germany, France, Belgium etc.). Emissions in these countries
declined markedly due to phasing out leaded gasoline that resulted to the strong decrease of Pb
deposition to Regions Il and lll. The Arctic Waters (Region I) and (Wider Atlantic (Region V) were the
most remote from main anthropogenic emission sources. Therefore, the overall dedine of deposition
in these regions was smaller (about 55%-60%) .
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Figure 12. Time series of average annual Pb 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.

Source-receptor calculations have been carried out for 1995, 2005 and 2015. Contributions of all
EMEP countries, wind re-suspension and non-EMEP sources were calculated for each of the OSPAR
regions. Due to substantial reduction of anthropogenic emissions in the EMEP countries, including
OSPAR Contracting Parties, the relative contribution of anthropogenic sources to deposition to the
OSPAR decreased between 1995 and 2015 (Annex B). However, it should be kept in mind that the
model parameterization of wind re-suspension contained significant uncertainties. Besides, waters of
the OSPAR regions were remote from the main anthropogenic sources, espedally those of the Arctic
Waters (Region I) and Wider Atlantic (Region V).
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In absolute terms of contribution the deposition from almost all OSPAR Contracting Parties
decreased between 1995 and 2005. Between 2005 and 2015 the deposition decreased or almost
stabilized. However, since the rate of dedine of national emissions differed among the countries, the
change of relative contribution of a particulate country to deposition in the OSPAR regions varied
vary markedly among the countries. For example, the main countries-contributors of Pb deposition
to the Arctic Waters (Region |) were the United Kingdom, France and Germany. The contribution of
the British sources to the Arctic Waters (Region ) dedined from 8% in 1995 to about 1% in 2015,
whereas the contribution of German sources decreased insignificantly remaining at about 1% (Fig.
13). It is explained by the fact that Pb emissions in the United Kingdom dedined by almost 15-fold,
while the decrease of national German emissions was about 3.5-fold.
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Figure 13. Contribution of the OSPAR Contracting Parties to Pb deposition to 5 regions of the OSPAR
maritime area in 1995, 2005 and 2015. Codes of the countries are given in Annex B.

The Greater North Sea (Region Il) is characterized by the highest relative impact of the OSPAR
countries compared to other regions. In 1995 the emission sources of the United Kingdom were
predominant in Region II, contributing about 27% to anthropogenic deposition. In 2005 and 2015 the
contribution of the British sources was lower (about 10%), nevertheless remaining the highest among
the OSPAR Contracting Parties. Other significant contributors were France and Germany. Similar
situation was noted for the Celtic Seas (Region Ill). The major contributor to deposition was the
United Kingdom, which contribution to total deposition dedined from 23% in 1995 to 4% in 2015.
Otherimportant contributors were France, Germany and Spain.
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The main contributors to deposition in Bay of Biscay (Region IV) were Spain, Portugal, France and the
United Kingdom. The changes in the contributions of these countries between 1995, 2005 and 2015
we explained by different rates of changes of national emissions. In 1995 the main contributor to
deposition was emission sources of Portugal (13%). In nineties emissions of the OSPAR countries had
been declining at higher rate than wind re-suspension. Hence, their contribution to total deposition
decreased significantly between 1999 and 2005. Further decline (from 2005 to 2015) of national
emissions slowed down, that resulted to lower reduction of the contribution from sources of France
and the United Kingdom, and even some increase of the contribution from German and Portuguese
emission sources.

Similar to the Arctic Waters, (Wider Atlantic (Region V) was remote from the main anthropogenic
sources and thus the Pb deposition levels were dominated by secondary sources, in particular, re-
suspension of marine aerosol partides from sea surface. The contribution of the anthropogenic
emissions of the OSPAR Contracting Parties was quite low (few percents). The main contributor in all
years (1995, 2005 and 2015) was the United Kingdom. Other key contributors were France, Portugal
and Spain.

4.2. Cadmium

The highest Cd deposition flux was obtained for Grater North Sea (Region Il) due to dose location of
significant anthropogenic sources and relatively high annual precipitation sums. In 1995 the Cd fluxin
the North Sea exceeded 30 g/km’/y, and by 2015 it declined to 10-20 g/km’/y (Fig. 14). Lower
deposition flux took place over the Celtic Seas (Region Ill) and the Bay of Biscay (Region IV). In 1995
deposition flux in these regions varied within limits of 10-20 g/km?”/y, while in 2005 and 2015 it was
5-10 g/km?/y over most part of these regions. Deposition fluxes in the Arctic Waters (Region I) and
Wider Atlantic (Region V) exhibited distinct gradient from land mass to remote water area. In 1995
the deposition in the southern part of Region | and the eastern part of Region V varied from 10 to 20
g/km’/y, while in the south-west of Region V the flux was 3-5 g/km’/y, and in the high Arctic — below
3 g/km?/y. Deposition in the eastern part of region V in 2005 were lower than those in 2015 due to
higher precipitation sums in 2015 compared to 2005.

Deposition of Cd to the OSPAR regions reduced by about 34 —80% (1.5 — 5 fold) in the period from
1990 to 2019 (Fig. 15). The highest reduction was noted for the Greater North Sea (Region II). This
region was surrounded by countries characterized by significant emissions in 1990, e.g. the United
Kingdom, Germany, Belgium, Denmark and the Netherlands. Therefore, the reduction of emissions in
these countries had the strongest impact on the deposition change on the Greater North Sea. Lower
reduction in other regions was explained by their relative remoteness from main emission sources
and higher relative influence of re-suspension. The lowest reduction of Cd deposition taken place in
the Arctic Waters (Region I) and Wider Atlantic (Region V) equaled to 40% and 34%, respectively.
Unlike Pb, the rate of Cd deposition decline was more uniform in time.
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a b

Figure 14. Spatial distribution of annual Cd deposition flux to the OSPAR maritime area in 1995 (a), 2005
(b) and 2015 (c). Purple lines depict borders of the OSPAR regions.
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Figure 15. 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.

Contributions of emission sources of OSPAR Contracting Parties to Cd anthropogenic deposition to
the OSPAR maritime area varied largely in time and between particular OSPAR regions (Fig. 16). The
Arctic Waters (Region |) and Wider Atlantic (Region V) were remote from major anthropogenic
emission sources, including those of the OSPAR countries. The main contribution to deposition was
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made by secondary emission sources, such as re-suspension from sea surface. Among the OSPAR
Contracting Parties the main contributors to deposition to Region | were the United Kingdom, France,
Germany, Norway and Spain. The main contributors to deposition to Region V were Spain, Portugal,
the United Kingdom, France and Germany.

257 [ 10 1 [I. Greater North Sea
1. Arctic Waters M 1995M 2005 W 2015 1005 M 2005 02015
2 8
# _— ®
c = ey | o8
5 15 7 | ? 2 6
2 & s 2
£ 1 Pab] = 3
3 S —~t | 8
05 + : e 2
0 \ﬁ‘ 2 0
w T ¥ @xrmwwusdoh oW \(; L e - R R e R
u o =z z ﬁ Arctic | a5 aa il G} zZ z 0
Waters $¢ .
] e 9 1 III Celtic Seas
? 8 W 1995 W 2005M 2015
&
* AT o W ® 7
——" .3 4Greater { £ B
/ feli- North N -
=1 o ¢ - 5 5
) ) { 2
|~ P as *»—2} s 4
[ / v A4 5 3
I é"_(,/’ ¥ o
| \\‘efr?g‘* — 2
. . Sﬁ’gBS. " B 1~
18 1V Wider Atlantic \fa oy 0
16 M 1995 W 2005 ™ 2015 \ Biscay S\~
14 Wider (;:" { &
i 1'2 Atlantic Vb 7 15 - IVB Bi
i LI o L bay o scd
g 1 ' i"\‘{ f“r S v f Y 1995 W 2005m 2015
2 1 -t (et 1
T 08 2 ] \ e 12
5 — Vs -
5 0s i 5,
0.4 =
0.2 — E .
o §
ssBEocEgue2z29ky .
o
s fa80TE3E22=22E85

Figure 16. Contribution of the OSPAR Contracting Parties to Cd deposition to 5 regions of the OSPAR
maritime area in 1995, 2005 and 2015. Codes of the countries are given in Annex B.

The largest contribution of the OSPAR countries to Cd deposition was noted for the Greater North
Sea (Region II). Sources of the United Kingdom, France and Germany were the main contributors to
Cd deposition in the Region Il. The contribution of the United Kingdom was the highest in all
considered years ranging from about 6% to 9%. Decline of Cd emissions in France from 1995 to 2015
was stronger than that of Germany. Therefore, the contribution of the French sources declined, while
the contribution of German sources increased between 1995 and 2015.

The major contributor to Cd deposition to the Celtic Seas (Region Ill) was the United Kingdom which
input dedined from 8% in 1995 to 5% in 2015. Other main countries-emitters were France, Spain and
Germany. Contributions of all these countries declined between 1995 and 2015 due to significant
reduction of national emissions and much lower changes of wind re-suspension contributing to total
deposition.

Spain was the predominant contributor to Cd deposition to (Bay of Biscay (Region IV). In 1995 the
sources of Spain were responsible for 13% of total deposition, and this share declined to about 7% in
2015. Portugal was characterized by more moderate reduction of Cd emissions over the considered
periods. Therefore, its contribution increased from 3% in 1995 to almost 5% in 2015.
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4.3. Mercury

Mercury differs from Pb and Cd by long atmospheric life time due to large proportion of the
elemental gaseous form (Hg°) and intensive chemical transformations in the atmosphere. It results in
longer atmospheric transport of Hg from emission sources and significant deposition fluxes in remote
regions, where intensive oxidation of Hg® occurs. In particular, relatively large Hg deposition (15-20
g/km?/y) was estimated in the Arctic Waters region (Fig. 17) due to Hg chemical transformations
from the elemental to oxidized forms in springtime during the atmospheric Hg depletion events
(AMDEs) [Steffen et al., 2008]. However, significant part of Hg deposited to snow and ice surface was
photo-reduced and re-emitted to the atmosphere [Moore et al., 2014; Wang et al., 2019]. The
deposition over the Arctic Ocean somewhat increased between 1995 and 2005 due to inter-annual
variation of meteorological conditions. The following decrease of Hg deposition between 2005 and
2015 was caused by leveled global Hg emissions and gradual decrease of Hg emissions in Europe and
North America. Relatively high Hg deposition was also predicted over the North Sea in 1995 due to
direct effect of Hg emissions from the neighboring countries and over the coastal waters of Norway
because of increased precipitation amount in this area. The lowest deposition fluxes occurred over
the high Arctic and the southern part of the Wider Atlantic region.

Figure 17. Spatial distribution of annual Hg deposition flux to the OSPAR maritime area in 1995 (a), 2005
(b) and 2015 (c). Purple lines depict borders of the OSPAR regions.

Long-term changes of Hg average deposition to all 5 regions of the OSPAR maritime area are shown
in Fig. 18. Deposition reduction was more pronounced in the marginal seas (Greater North Sea, Celtic
Seas, Bay of Biscay) due to stronger influence of the European emissions. Average deposition to the
Greater North Sea decreased by 45% between 1990 and 2019, whereas deposition to the Celtic Seas
and the Bay of Biscay decreased by 34% and 27%, respectively. The changes in the first two regions
were more pronounced in the first part of the period (1990-2000) and then slow down in the second
part (2000-2019). The decrease was largely caused by emissions reduction in the neighboring OSPAR
countries, as it will be shown below, but damped down by slowly changed global anthropogenic and

secondary emissions. The long-range atmospheric transport from global anthropogenic and
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secondary sources even stronger affected remote regions, the Arctic Waters and the Wider Atlantic,
where deposition decrease over the whole period did notexceed 25%.
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Figure 18. Time series of average annual Hg 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.

Mercury deposition to the OSPAR maritime regions is comprised of contributions of anthropogenic
emissions from European countries including the OSPAR Contracting Parties, emissions from sources
located in other regions of the globe and natural/secondary emissions from land and the ocean. The
global anthropogenic and secondary emissions dominate over the remote regions due to relatively
low contemporary Hg emissions in Europe. Relative contribution of the OSPAR Contracting Parties to
Hg deposition to the OSPAR maritime areaisillustratedin Fig. 19.

The effect of the OSPAR countries on Hg atmospheric input was the greatest for the Greater North
Sea and followed by that for the Celtic Seas and the Bay of Biscay. The Greater North Sea was largely
influenced by the Great Britain (10-22%), Germany (4-6%) and France (2-6%). The contributions of
these countries decreased by a factor of 2-3 from 1995 to 2015 due to reduction of national Hg
emissions. The major contributors of Hg deposition to the Celtic Seas were the Great Britain (4-16%),
France (1-4%), and Spain (1-2%). Relative contribution of the Great Britain decreased between 1995
and 2015 by a factor of 4 because of strong reduction of national emissions and insignificant
contributions of other countries. The Bay of Biscay was dominated by contributions of Spain (6-11%),
France (2-5%), the Great Britain (2-4%), and Portugal (2.5-3%). Contributions of these countries
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decreased by a factor 2-3 except for that of Portugal, which did not changed considerably due to
insignificant change of national emissions.

Relative contributions of the OSPAR countries to Hg atmospheric deposition to the Arctic Waters and
the Wider Atlantic did not exceed a few percents due to remoteness of these regions from emission
sources and strong influence of global atmospheric transport. The most significant contributors to
both regions were the Great Britain, Germany, Spain, and France. Besides, the Arctic Waters were
also affected by Norway, whereas Portugal contributed to Hg deposition the Wider Atlantic.
Contributions of almost all these countries decreased by a factor of 2-3 between 1995 and 2015 in
accordance with reductions of their national emissions.
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Figure 19. Contribution of the OSPAR Contracting Parties to Hg total deposition to 5 regions of the OSPAR
maritime area in 1995, 2005 and 2015.
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5. EVALUATION OF MODELLING RESULTS

Modelled air concentrations and wet deposition fluxes were compared with the available
measurement data from Comprehensive Atmospheric Monitoring Programme (CAMP). Stations of
the CAMP network are located in OSPAR Contracting Parties on or nearby the sea coast of the OSPAR
maritime area. Data from these stations are available in the EMEP data base EBAS
(http://ebas.nilu.no/). This section characterizes the model performance and analyses discrepancies

between modelled and observed concentrations in air and wet deposition fluxes as well as their long-

term changes. Besides, sources of uncertainties associated with the modelling are overviewed.

5.1. Lead

The model performance differs significantly for particular stations and even for particular years. For
example, at the German station DE1 (Westerland) the model reasonably well reproduces both
magnitude and the long-term variability of Pb concentrations in air and wet deposition fluxes (Fig.
20). For majority of years the discrepancy between modelled and observed air concentrations or wet
deposition lies within £30% limits.
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Figure 20. Modelled and observed annual mean concentrations of Pb in air (a) and annual wet deposition
flux (b) in the period 1990-2019 atstation DE1 (Westerland, Germany).

Relative bias applied to each station over the entire considered period varies between -50% to
+100% for most of stations (Fig. 21a,c). Therefore, on average the model reproduces the observed air
concentrations and wet deposition fluxes within a factor of two. General overestimation of the
observed Pb concentrations in airis noted for some British stations and the Norwegian station NO99
(Lista). Underestimation of the observed air concentrations was found for the remote Danish station
DK10 (Nord) located in Greenland. The temporal correlation coefficient was calculated only for the

stations with at least five years of observations. At most stations the coeffident exceeds 0.5 (Fig.
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21b,d). Combination of low bias (MRB) and high temporal correlation coefficent (e.g., DE1, DK31,
GB17, NL91 etc.) means that the model successfully reproduced both magnitude and long-term

changes of the observed air concentrations.

Negative relative biases for most of stations confirm the tendency of general underestimation of the
observed wet deposition fluxes (Fig. 21c). Nevertheless, the mean modelled and observed fluxes
agree within a factor of two. Besides, at a number of stations high bias is accompanied with

significant correlation, e.g., NO1 (Birkenes, Norway), DK8 (Anholt, Denmark).
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Figure 21. Mean relative bias (a, c) and temporal correlation coefficient (b, d) for annual mean
concentrations in air and annual sums of wet deposition of Pb for 1990-2019. Green and red lines in
diagrams (a) and (c) depict limits of a factor of two.

At some stations, e.g. GB91 (Banchory) overestimation of the observed concentrations in air takes
placein the beginning of the considered period (Fig. 22). Analysis of sources contributing to modelled
Pb air concentrations at these stations demonstrates that even if only anthropogenic emissions are
considered, the model still overestimates the observed concentrations by factors of 1.5-3. At the
same time the model underestimates wet deposition fluxes at these stations (Fig. 22b). In years
closer to the end of the considered period the discrepandes between modelled and observed Pb
levels becomes lower.

At a number of stations the observed concentrations in air (e.g., 1S91) or wet deposition fluxes (e.g.,
FR90) exhibit high inter-annual variability (Fig. 23). These sharp inter-annual changes do not correlate
with variations of anthropogenic, secondary emissions or meteorological conditions and may be
caused by uncertainties in measurements. However, evaluation of these uncertainties requires

additional consideration.
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Figure 22. Modelled and observed annual mean Pb concentrations in air (a) and annual sum of wet
deposition flux (b) in the period 1990-2019 at station GB91 (Banchory, the United Kingdom).
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Figure 23. Modelled and observed annual mean Pb concentrations in air at station IS91 (Storhofdi, Iceland)
(a) and annual sum of wet deposition flux at station FR90 (Porspoder, France) (b) in the period 1990-2019.

Long-term relative changes of Pb pollution levels were compared for ten stations measuring air
concentrations and twelve stations where wet deposition fluxes were observed. At most of the
stations modelled and observed changes are comparable (Fig. 24). At stations GB91 (air), NL9 and
NO39 (wet deposition) the model predicts stronger rate of long-term dedine compared to the
observations. At stations 1S91, NO42, SE14 the reduction of modelled air concentrations is lower than
that of observed values.
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Figure 24. Mean rate of annual relative change of modelled and observed Pb concentrations in air (a) and

wet deposition fluxes (b).
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5.2. Cadmium

Mean relative bias was calculated for Cd air concentrations and wet deposition fluxes for each year
of the period from 1990 to 2019. The model performance varies substantially for particular stations.
For example, the model reproduced trend of annual mean air concentrations at station NO2 with the
bias (MRB) ranging from -30% to 20% (Fig. 25a). Another example is long-term changes of Cd wet
deposition flux at station NL91with MRB varying within £50% in most of years (Fig. 25b).
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Figure 25. Modelled and observed annual mean concen trations of Cd in air at station NOZ2 (Birkenes 1],
Norway) (a) and annual sum of wet deposition flux at station NL91 (De Zlik, the Netherlands) (b) in the
period 1990-2019.

Combined information on MRB for the entire period, the temporal correlation coeffident and
comparison of rates of pollution level change allow evaluating the model performance for each
station. On average, some overestimation of the observed concentrations in air and underestimation
of wet deposition fluxes take place (Fig. 26a,c). However, at most of the stations the agreement is
within a factor of two.
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Figure 26. Mean Relative Bias (a, c) and temporal correlation coefficient (b, d) for annual mean
concentrations in air and annual sums of wet deposition of Cd for 1990-2019. Green and red lines in
diagrams (a) and (c) mean factor of two limits.
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The temporal correlation coefficients for air concentrations and wet deposition fluxes are higher
than 0.5 at about one half of the stations. It is important to mention that the Pearson’s correlation
coeffident is very sensitive to outliers, and low correlations are often noted for short time series. For
some stations with relatively long periods of observations low correlations are explained by very high
inter-annual variability of the observed level. Examples are wet deposition fluxes at stations FR90,
1S90, GBI1 etc. (Annex C).

Similar to Pb, at some stations (e.g., GB90) overestimation of air concentrations and underestimation
of wet deposition fluxes occurs, especially, in the beginning of the considered period (Fig. 27). The
overestimation of the modelled air concentrations can be caused by overprediction of wind re-
suspension. However, even in this case measured wet deposition remains underestimated by the
model. It could be explained by a number of factors induding of parametrization of wet scavenging,
contamination of measurement samples and uncertainties of emission estimates.
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Figure 27. Modelled and observed annual mean concentrations of Cd in air (a) and annual sum of wet
deposition flux (b) in the period 1990-2019 at station GB90 (East Ruston, the United Kingdom).

There are eight stations measuring Cd in air and thirteen stations measuring wet deposition with long
enough (15 year or more) time series used for calculation of the mean rates of long-term pollution
reduction (Fig. 28). For stations BE14, DE1 and GB91, the modelled and observed rates of long-term
reduction are comparable. The stations NO42 and 1S91 are located far from main emission sources,
and modelled concentrations at these stations do not exhibit any long-term tendency. However, the
observed concentrations at these stations demonstrate high inter-annual variability, espedally in the
first half of the considered period that results in 3% mean annual decline. Observed concentrations
at station ES8 have been declining until 2010, and since this year increasing trend occurs, while the
modelled concentrations have been reducing through the whole period. Difference in trend
directions after 2010 led to different mean annual rates of concentration decline. The reduction rates
of modelled and observed long-term change are similar at most of the stations measuring wet
deposition fluxes. Large differencesin the rates are typically noted for stations with high inter-annual
variability of observed Cd fluxes (e.g., FR90, 1S90).
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Figure 28. Mean rate of annual relative change of modelled and observed Cd concentrations in air (a) and
wet deposition fluxes (b).

5.3. Mercury

Figure 29 demonstrates examples of modelled and measured Hg concentrations in air and wet
deposition fluxes. High concentrations in air of Hg are noted in 1990 - 1993 at station SE2 (Rorvik,
Sweden) which were underestimated by the model by 20-40%, while after 2000 the bias is typically
within £7%. The bias for wet deposition flux at station NL91 (De Zilk, the Netherands) is within £30%
with exception of 1996 and 2004.

35 . 25
E SE2/SE14 NL91
> 3.0 - —0— Observed — . 5 20
()
;‘ 2.5 7? —— Modelled ——— ES “ —o— Observed
2 —— Modelled
g 15 e g 10 -
g 1.0 3
o . —E 5
= 9]
&0.5 ,i
IO.O rrrrrrrrrrrrrrrrrrrrrrrrrrr1rrr1r Io rrrrrrrrrrrrrrrrrrrrrrrrr1rr1r.11
I I P S P A M S S I I R I R R S SR IR R
P SV 0 P P ¥ P P PO VX 10 P IV P P SV > PSP AO KV X 1O A}
DRI IAD AR AN AR AR A AR RS A AD b N R IR AR AR AR AR AR A AR DS
a

Figure 29. Modelled and observed annual mean concentrations of Hg in air at station SE2/SE14
(Rorvik/Rad, Sweden) (a) and annual sum of wet deposition flux at station NL91 (De Zilk, the Netherlands)
(b) in the period 1990-2019.

There is a number of stations where period of available measurements is relatively short. However,
the temporal changes were reproduced by the model quite well. For example, modelled wet
deposition fluxes at station GB17 (Heigham Holmes, the United Kingdom) match the observed fluxes
with bias that is below 30% for the period 2011-2019 (Fig. 30a). Another example is Norwegian
station NO1 (Birkenes), where the model also reproduced inter-annual variability of the observed Hg
wet deposition fluxin the period from 2004 to 2019 (Fig. 30b). The observed fluxes in the first several
years of the period were underestimated but between 2011 and 2018 the bias between modelled
and observed concentrationsis smaller than 20%.
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Figure 30. 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.

Long-term time series are also available for Hg concentrations in air at station NO42 (Zeppelin,
Norway) and Hg wet deposition flux at station DE1 (Westerand, Germany). Long-term changes of
modelled Hg air concentrations at NO42 generally follow the observed Hg levels, except for 1997 and
1999 (Fig. 31a). However, the bias between modelled and observed concentrations tends to increase
towards the end of the considered period. Measured Hg deposition fluxes at DE1 are available for
two parts of the considered period: from 1993 to 2001 and from 2000 to 2019 (Fig. 31b). The model
performance for these two parts differs. The first partis characterized by low mean bias (about 4%)
and lack of correlation, while for the second part the correlation is high, but the model overestimates
the observations almost two-fold.
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Figure 31. Modelled and observed annual mean concentrations of Hg in air at station NO42 (Zeppelin,
Norway) (a) and annual sum of wet deposition flux at station DE1 (Westerland, Germany) (b) in the period
from 1990 to 2019.

Mean relative bias between modelled and observed air concentrations calculated for the whole
period varies from -15% to almost 20%. The bias of wet deposition fluxes ranges from -50% (ES8) to
90% (GB48) but for the majority of stations it lies within +40%. Considerable mean underestimation
of Hg wet deposition at the Spanish station ES8 comes from high temporal variability of the observed
fluxes (Annex C). In 2009-2011 the bias does not exceed -20%, while in other years it reaches -70%.At
the British station GB48 the model overpredicts the observed fluxes by factor 1.4 — 3.3 throughout
the considered period. Nevertheless, mean relative bias for all the stations corresponds to deviations
within a factor of two. The coeffident of correlation between modelled and observed values is
above 0.5 for about half of stations measuring Hg air concentrations or wet deposition(Fig. 32 b,d).
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Figure 32. Mean Relative Bias (a, c) and temporal correlation coefficient (b, d) for annual mean
concentrations in air and annual sums of wet deposition of Hg for 1990-2019. Green and red lines in diagram
(c) mean factor of two limits.

Number of stations measuring Hg levels is lower, and their time series are shorter compared to those
for Cd and Pb. There are only three stations measuring Hg concentration in air and two stations
measuring wet deposition fluxes with long enough time series for calculation of the mean reduction
rate (Fig. 33). The limited number of available stations is not sufficient for statistical characterizing
agreement between the modelled and observed rates of long-term changes of the Hg pollution
levels. The remote station NO42 (Zeppelin, Spitsbergen, Norway) is located far from the main
regional anthropogenic sources. Hg levels at this station are mainly governed by global Hg emission
sources. Both the model and observations demonstrate low (< 1% per year) rate of long-term decline
of Hg concentrations in air. Similar rates of annual changes (about 1% per year) are noted for the
Irish station IE31 (Mace Head). The higher rate of long-term reduction of observed air concentrations
in comparison with modelled concentrations at stations SE2/SE14 is caused by high Hg
concentrations (2.3-2.9 ng/m?®) at the very beginning (1990-1992) of the period .
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Figure 33. Mean rate of annual relative change of modelled and observed Hg concentrations in air (a) and
wet deposition fluxes (b).
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Similarly, a single high annual observation of Hg wet deposition (20 ng/km?/y) in the first year of the
time-series is responsible for discrepancies between measured and simulated reduction rates of wet
deposition at station NL91 (Fig. 29b). The model reasonably well reproduces observed Hg wet
deposition levels at station DE1 (Westerand, Germany) at the beginning of the period but tends to
overestimate measurement values at the end. It leads to large underestimation of the mean
reduction rate.

5.4. Uncertainties

Comparison of the modelled air concentrations and wet deposition fluxes of Pb, Cd and Hg with
available measurements from the CAMP programme revealed a number of discrepancies. The factors
responsible for the discrepancies can be divided into three groups: 1) uncertainties of anthropogenic
emission data and estimates of secondary emissions; 2) uncertainties of the model parameterisations
and other input data for modelling (e.g. meteorological fields, land cover distribution, etc.) and 3)
uncertainties of measurement data.

According to officially reported information (Chapter 3), uncertainties of national total emissions of
Pb, Cd and Hg may reach tens or even hundreds percents. For instance, uncertainties of Danish Pb
and Cd emissions estimates make up about 500% and 365%, respectively. These uncertainties can
favour over- or underprediction of the observed concentrations and wet deposition by the model.
Moreover, uncertainties of other parameters related to emissions (e.g. spatial distribution, seasonal
variation, and emission heights, chemical spedation of Hg emissions), which are not or partly
reported by the countries, can also contribute to the overall uncertainty of the modelling results.

Model calculations entirely based on anthropogenic emissions of heavy metals lead to substantial
underestimation of the observed concentrations in air and wet deposition at almost all EMEP
stations. Therefore, secondary emissions, such as natural/legacy emission of Hg and wind re-
suspension of Pb and Cd are important component of heavy metal releases to the atmosphere
favouring generally better reproduction of the pollution levels by the model. However, estimates of

secondary emissions also a subject to high uncertainties.

Uncertainties of the model parameterizations and input data is another possible source of
discrepancies between the modelling results and observations. Parameterizations of many physical
and chemical processes used in GLEMOS were developed and verified for the EMEP operational
modelling of heavy metals [Travnikov and Ilyin, 2005] and updated in further versions of the model
[Gusev et al., 2006; 2007; Travnikov et al., 2009, Travnikov and Jonson, 2011, /lyin et al, 2017, llyin et
al. 2018; Gusev et al., 2019]. The model parameterizations were verified in a number of
intercomparison campaigns [Gusev et al., 2000; Ryaboshapko et al., 2001, 2005] and the thorough
model review under supervision of the EMEP Task Force of Measurements and Modelling (TFMM)
[ECE/EB.AIR/GE.1/2006/4]. It was concluded that the results of model were in satisfactory agreement
with the available measurements and discrepancies did not exceed on average a factor of two. In
addition, the GELMOS modelling system was extensively evaluated in a number of numerical

experiments and multi-model studies within the Task Force on Hemispheric Transport of Air Pollution
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(TF HTAP). The model performance in simulation of Hg pollution on a global scale was also tested in
the multi-model assessments within the Global Mercury Observation System (GMOS) project
[Travnikov et al., 2017] and the Global Mercury Assessment 2018 [AMAP/UN Environment, 2019].

Uncertainties of measurement data can also affect the interpretation of the model evaluation
results. Currently quality of Pb and Cd monitoring data at the EMEP stations (including those
reporting to the CAMP programme) is examined via laboratory intercomparison tests. This activity is
carried out annually and coordinated by CCC. The tests show that for most of the EMEP laboratories
the deviation from theoretical value is below 25% for low concentration samples [CCC, 2021].
However, it is important to mention that laboratory intercomparison provides only analytical
component of the uncertainties of measurement data. Other sources of the uncertainties (sampling,
storing, shipping etc.) remain unaccounted. Laboratory intercomparison tests do not include analysis
of quality of Hg measurements. The most recent field intercomaprison of Hg measurements in air
and predpitation took place in 2004 [Aas, 2006]. It was shown that concentrations of Hg in air
measured by various monitoring groups are comparable, while for concentrationsin precipitation the

deviation from the assigned (expected) value is within +40%.
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6. COMPARISON WITH PREVIOUS STUDIES

Modelled atmospheric inputs to the regions of the OSPAR maritime area presented in this study are
compared with the previous results reported in [OSPAR, 2009]. Since previous estimates of Pb, Cd
and Hg deposition to the OSPAR regions cover the period from 1990 to 2006, the comparison was
made for this range of years.

The difference between the modelled deposition to the OSPAR maritime area reported in [ OSPAR,
2009] and obtained in the current study are caused by a number of factors. First of all, national
emission data are regularly re-calculated. Besides, transition of the EMEP operational modelling to
the new EMEP grid (ECE/EB.AIR/113/Add.1) was accompanied by changes in the model
parameterizations and input data. It led to replacement of previous version of operational MSCE-HM
model by the new Global EMEP Multi-media Modelling System (GLEMOS) [Travnikov et al., 2009;
Travnikov and Jonson, 2011]. The main updates are as follows:

- Meteorological preprocessor used for generation of gridded input meteorological data has
changed from MM5 [Grell et al., 1995] to WRF [Skamarock et al., 2008];

- Use of up-to-date land-cover dataset based on the MODIS global satellite observations
[Strahler et al., 1999];

- Revision of the model processing of anthropogenic emissions data (seasonal variation,
vertical distribution and chemical spedation) [/lyin et al., 2018];

- Update of the model parameterization of wind re-suspension of Pb and Cd from soils [/lyin et
al., 2017];

- Refinement of Hg atmospheric chemistry scheme [Shatalov et al., 2013; Ilyin et al., 2018;
Gusev et al., 2019].

Two statistical parameters were selected for comparison of the modelling results obtained in the
previous assessment [OSPAR, 2009] and this study. The first parameter is deposition flux to each of
five OSPAR regions averaged for 1990-2006. This parameter indicates whether the currently
calculated deposition is generally higher or lower than that obtained previously. Another parameter
is the mean rate of relative deposition change (per cents per year). The aim of this parameter is to

compare rates of deposition changes calculated in the previous and current studies.

Compared to the previous study, mean deposition in the considered period decreased in most of the
OSPAR regions by 10 — 30% (Fig. 34 a,c,e). The main factors responsible for these changes are re-
calculations of anthropogenic emissions by the EMEP countries and changes in annual sums of
precipitation due to updates of meteorological pre-processor. In the Arctic waters (Region |) the
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changes of Pb and Cd deposition are the lowest. This region is remote from the main sources and its
northern part is characterized by relatively low precipitation sums. In contrast to Pb and Cd,
deposition of Hg to the Region | increased by about 45% compared to the previous study. The main
reason for this is improvements of Hg atmospheric chemistry scheme, in particular, the
parameterization of Hg oxidation during the atmospheric depletion eventsin the Arctic.

Rate of Pb and Cd deposition change obtained in this study is 10 — 80% higher compared to the
previous study (Fig. 34b,d). It means that the current study assumes sharper decrease of deposition
than that in [OSPAR, 2009]. The possible reasons of this faster decline are recalculations of long-term
emission changes by the countries and update of the wind re-suspension scheme. Besides, the
important anthropogenic contributor to Pb and Cd deposition to the OSPAR regions is emission from
non-OSPAR countries. Comparison of emission trends used in this and previous studies reveals that
sum of non-OSPAR emissions in the current study decreases faster by a factor of 1.3 than that used
in previous study. In case of mercury the mean rates of deposition change in this and previous
studies are comparable (Fig. 34f).
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Figure 34. Mean modelled deposition flux of Pb (a), Cd(c) and Hg (e) and mean rate of long -term change of
Pb(b), Cd(d) and Hg(f) deposition to the OSPAR regions for the period from 1990 to 2006 presented in
[OSPAR, 2009] and calculated in this study.
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7. CONCLUSIONS

Model assessment of heavy metal atmosphericinput to the OSPAR maritime area was carried out for
the period from 1990 to 2019. Long-term changes of national emissions of the OSPAR Contracting
Parties and deposition of Pb, Cd and Hg to the five OSPAR maritime regions were estimated for the
whole period. Contributions of national emissions of the OSPAR countries to total deposition were
calculated for 1995, 2005 and 2015. The modelling results were evaluated against measurement data
and compared with results of a previous study. The main findings of the research are summarized

below.

e Emissions of Pb, Cd and Hg in the OSPAR Contracting Parties were reduced over the period
1990-2019 by 96%, 73%, and 83%, respectively. The most significant emissions reduction
occurred in the first third of the period. Among the OSPAR Contracting Parties the largest
reduction of Pb emissions took place in France (98%), Sweden (98%) and the United Kingdom
(97%), whereas Pb emissions in Iceland increased by 77%. The strongest dedine of Cd
emissions occurred in Finland (88%) followed by France (87%). Mercury emissions the most
significantly decreasedin Denmark (93%) and the United Kingdom (90%).

e Deposition of the considered heavy metals to the OSPAR maritime area considerably
decreased in the period from 1990 to 2019, following the emission reduction. The largest
deposition dedine was found for (Greater North Sea), where the deposition decreased by
87%, 80% and 45% for Pb, Cd and Hg, respectively. The lowest deposition reduction of heavy
metals was estimated for the Arctic Waters and the Wider Atlantic, where deposition decline
amounted to about 55 — 60% for Pb, about 35 — 40% for Cd, and below 25% for Hg. The
decline of deposition to the OSPAR regions is lower than the emission reduction because of
the effect of secondary and global sources.

e The largest contribution of the OSPAR Contracting Parties to atmospheric deposition of
heavy metals is estimated 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 |, 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. Due to reduction of
anthropogenic emissions contribution of the to total deposition dedined markedly from
1995 to 2005, and insignificantly decreased from 2005 to 2015.

e Modelled air concentrations and wet deposition Pb and Cd agree with observations from the
CAMP monitoring programme within a factor of two at most of monitoring stations. However
the model tends to somewhat underestimate wet deposition fluxes. Most of the modelled

and observed wet deposition fluxes of Hg agree within +40%. Higher discrepandies between
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the modelled and observed Pb, Cd, and Hg values for the first third (1990-2000) of the period
are likely caused by uncertainties of measurements. At most of stations with a long
monitoring period both modelled and observed air concentrations and wet deposition fluxes
demonstrate dedining trend.

Heavy metal deposition to the OSPAR maritime area produced in this study was compared
with the results of the previous OSPAR assessment covering 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.
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Annex A. ASSESSMENT ELEMENTS

Table A.1. Time-series of heavy metal depositions to all five OSPAR Regions

# Work-plan elements

1. | Preparatory work: adapting of software required for evaluation of deposition to the OSPAR region

2. [ Preparation of time-series of total annual atmospheric deposition of Cd, Hg to the I, Ill, and IV OSPAR
areas for the period from 1990-2018 (based on modelling made for HELCOM using standard EMEP grid,
0.4x0.4 degree resolution)

3. | Preparation of time-series of total annual atmospheric deposition of Cd, Hg to the | and V OSPAR areas
for the period from 1990 -2018 (based on modelling made for HELCOM using global grid with 3x3
degree resolution)

4, Calculation of time-series of total annual atmospheric deposition of Pb to the ll, Ill, and IV OSPAR areas
for the period 1990-2018 (modelling using standard EMEP grid, 0.4x0.4 degree resolution)

5. [ Preparation of expert estimates of global Pb emissions for global modelling (1990-2018)

6. | Calculation of time-series of total annual atmospheric deposition of Pb to the | and V OSPAR areas for
the period from 1990 -2018 (modelling using global grid with 3x3 degree resolution)

7. | Preparation of data on Cd, Hg and Pb deposition to all OSPAR areas for 2019 (based on regular EMEP
modellingin 2021 on the standard EMEP grid, 0.4x0.4 degree resolution, and the global grid with 1x1

degree resolution)

8. | Time series of Total annual official emissions of Cd, Pb, and Hg from OSPAR countries for the peri od
from 1990 to the latest available year (tables) —if necessary

9. [ Producing EMEP report and supporting OSPAR’s thematic report on inputs

Table A.2. Evaluation of source-receptor (S-R) relationships

# Work-plan elements for 3 years of data

1. | Calculation of S-R matrices of Cd, Pb, Hg for the EMEP domain (0.4x0.4 degree) —for Il, I, IV areas

2. [ Calculation of S-R matrices of Cd, Pb, Hg for the global domain (3x3 degree) —for | and V areas

3. | Information on contributions (in %) of the OSPAR CPs to total annual depositions of Cd, Pb, and Hg to
the 5 OSPAR areas
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Annex B.

DATA PRODUCTS

Table B.1. Codes of countries used in this study

Name Code Name Code
Belgium BE Netherlands NL
Denmark DK Norway NO
Finland FI Portugal PT
France FR Spain ES
Germany DE Sweden SE
Iceland IS Switzerland CH
Ireland IE United Kingdom GB
Luxembourg LU
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Table B.2. Annual lead emissions from the OSPAR Contracting Parties. Units: t/y.

Pb, t
Belgium
Denmark
Finland
France
Germany
Iceland
Ireland
Luxembourg
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
OSPAR
Other

EMEP

1990
264
130
321

4294

1919

0.31
158
188
89.7
189
575

2587
354
379

2921

14200
29072
43272

1991
248
109
237

2887

1476

0.29
142
179
84.1
146
631

1711
309
350

2667

11015
25738
36754

1992
259
100
165

2107

1150

0.33
150
164
817
130
708

1124
288
320

2446

9046

22347
31393

1993
221
58.8
105
1852
967
0.75
130
180
793
90.3
751
1017
138
263
2171
7863
21417
29279

1994
175
264
739
1650
776
0.74
113
151
768
27.7
775
1001
465
232
1872
6861
19297
26158

1995
207
26.0
72.7
1476
716
0.83
984
8.96
75.0
250
796
856
322
169
1563
6123
17478
23601

1996
219
249
49.2
1309
578
1.00
828
8.62
624
134
327
819
279
145
1327
4995
16101
21097

1997
238
230
318
1159
451
1.03
87.1
5.53
523
13.0
335
753
282
131
1173
4482
14947
19429

1998
163
250
37.2
1041
403
1.09
59.1
1.80
423
136
347
689
27.2
893
869
3810
13878
17688

1999
177
316
348
809
393
1.32
348
1.47
34
129
351
621
251
529
520
3101
12714
15815

2000
107
196
306
283
401
1.19
142
1.09
266
112
43.7
476
219
308
189
1657
11192
12848

2001
835
187
304
250
362
1.30
127
1.06
309
9.9
41.8
260
203
281
181
1331
9489
10820

2002
834
18.1
30.7
246
341
1.16
117
1.01
349
105
421
133
174
249
175
1171
7863
9033

Table B.2. (continued) Annual lead emissions from the OSPAR Contracting Parties. Units: t/y.

Pb, t
Belgium
Denmark
Finland
France
Germany
Iceland
Ireland
Luxembourg
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
OSPAR
Other

EMEP

2005
738
174
214
179
269
1.41
8.05
1.39
291
9.8
425
130
143
200
155
973
3913
4886

2006
723
163
249
171
257
2.23
7.60
1.30
293
9.25
434
131
139
187
136
933
3779
4712

2007
619
139
218
167
241
2.44
7.47
1.24
349
8.22
440
132
147
19.0
124
893
3706
4600

2008
721
140
198
152
214
1.78
7.39
1.37
29.6
7.32
43.7
126
129
183
115
836
3529
4365

2009
310
131
16.8
126
188
1.41
6.60
1.04
30.6
5.22
404
112
121
17.2
101
702
3081
3783

2010 2011 2012

400
128
204
138
212
1.45
6.24
1.00
36.8
6.04
405
117
127
16.6
102
764
3063
3826

48

296
125
19.2
127
207
1.29
5.76
1.51
21.6
6.23
406
964
114
163
101
698
2838
3536

289
121
163
128
202
1.25
5.67
1.67
15.2
5.59
405
88.0
11.2
165
105
677
2825
3502

2013
256
122
16.0
124
200
0.55
5.74
1.12
130
5.76
400
94.6
10.7
165
989
665
2678
3343

2014
23.0
116
16.6
120
201
0.58
5.47
1.24
8.20
5.59
404
954
112
148
107
662
2628
3290

2015
294
119
147
114
209
0.64
5.51
1.33
7.85
6.35
399
942
103
150
106
665
2564
3230

2016
273
121
157
114
203
0.68
5.36
1.27
8.12
5.79
395
90.0
111
148
96.5
645
2542
3188

2017
255
121
156
115
211
0.66
5.06
1.34
7.75
5.82
40.1
86.6
111
15.0
956
648
2577
3225

2003
80.5
19.1
249
196
310
1.34
117
1.66
314
108
42.0
133
174
221
172
1073
7609
8682

2018
136
125
154
114
207
0.77
5.10
1.20
5.04
5.83
430
899
9.79
152
928
631
2577
3208

2004
89.2
211
26.5
183
298
1.38
119
1.82
329
110
42.8
132
16.5
216
164
1054
4290
5344

2019
146
120
13.2
84.8
161
0.56
4.80
1.46
5.16
6.09
253
98.5
8.09
149
926
543
2394
2937



Table B.3. Annual cadmium emissions from the OSPAR Contracting Parties. Units: t/y.

Belgium
Denmark
Finland
France
Germany
Iceland
Ireland
Luxembourg
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
OSPAR
Other

EMEP

1990
6.25
1.21
6.67
204
304
0.01
0.59
0.09
2.08
1.66
2.44
27.7
2.31
3.68
256

131
277
408

1991
6.03
1.24
3.80
204
269
0.01
0.58
0.09
1.78
1.53
2.44
26.2
1.74
3.47
250

121
252
373

1992
6.78
1.08
3.31
19.8
242
0.01
0.54
0.09
1.60
1.40
2.48
233
1.37
3.30
238

113
244
357

1993
5.60
0.99
3.37
189
229
0.02
0.58
0.09
1.42
1.54
2.36
20.7
1.08
3.09
131
958

223
319

1994
4.09
0.84
2.70
188
225
0.02
0.54
0.09
1.23
1.52
2.44
205
0.77
2.85
126
915

216
308

1995
5.10
0.71
2.13
179
204
0.03
0.57
0.07
1.06
1.30
2.58
209
0.75
2.49
110
86.9

213
300

1996
4.18
0.73
1.91
174
209
0.03
0.59
0.08
0.94
1.40
2.67
220
0.71
2.37
9.55
854

200
286

1997
4.35
0.69
1.53
164
206
0.03
0.59
0.07
1.03
1.34
2.84
213
0.71
2.19
8.65
824

195
277

1998
2.41
0.66
1.69
155
199
0.03
0.62
0.06
1.12
1.40
2.88
220
0.63
1.92
6.87
77.7

187
264

1999 2000

2.36
0.65
1.53
142
199
0.03
0.58
0.06
0.93
1.32
2.82
212
0.54
1.65
6.43
742

181

255

2.78
0.64
1.41
142
18.8
0.03
0.59
0.06
0.92
1.05
2.77
149
0.52
1.47
5.66
65.8

175

241

2001
2.49
0.69
1.74
130
17.8
0.03
0.48
0.06
1.60
0.97
2.68
123
0.60
1.32
5.35
61.1

172
233

2002
2.35
0.66
1.37
123
172
0.03
0.36
0.07
2.17
0.94
2.62
128
0.52
1.14
5.17
59.7

161
221

2003
2.45
0.69
1.32
9.04
157
0.03
0.33
0.07
2.32
0.90
2.47
115
0.52
1.03
4.48
529

197
250

2004
2.87
0.69
1.61
6.58
145
0.03
0.34
0.14
1.73
0.83
2.51
108
0.54
1.03
4.43
48.6

171
220

Table B.3. (continued) Annual cadmium emissions from the OSPAR Contracting Parties. Units: t/y.

Belgium
Denmark
Finland
France
Germany
Iceland
Ireland
Luxembourg
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
OSPAR
Other

EMEP

2007
2.12
0.75
1.26
4.33
13.2
0.05
0.34
0.08
1.70
0.76
2.36
6.78
0.57
1.05
3.68
39.1

180
219

2008
2.42
0.73
1.21
4.37
121
0.04
0.33
0.41
1.87
0.74
2.33
6.17
0.52
1.11
3.59
380

177.0

2149

2009
1.55
0.70
1.16
3.31
109
0.03
0.31
0.13
1.78
0.59
2.17
5.30
0.54
111
3.43
330

166.2

199.2

2010
1.96
0.72
1.29
3.34
133
0.03
0.30
0.07
2.51
0.73
2.14
5.31
0.54
1.15
3.77
372

160.6

197.8

2011 2012
1.67 1.47
0.68 0.66
1.22 1.17
3.10 2.95
133 130
0.03 0.02
0.28 0.29
0.07 0.11
1.10 0.79
0.69 0.59
2.21 2.12
5.92 5.01
0.52 0.53
1.08 1.16
3.93 3.53
358 334

1584 1558

1943 189.1
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2013
1.47
0.68
1.08
3.03
13.0
0.01
0.28
0.06
0.60
0.54
2.04
5.03
0.50
1.22
3.66
332

150.6

183.8

2014
1.25
0.67
0.92
3.18
12.7
0.01
0.30
0.07
0.54
0.46
2.03
4.79
0.52
1.09
4.10
327

148.0

180.6

2015

1.63
0.74
0.89
2.94
131
0.01
0.31
0.08
0.53
0.51
2.07
5.02
0.48
1.12
3.92
333

1435
176.9

2016
2.58
0.76
0.94
3.39
128
0.01
0.30
0.08
0.54
0.47
1.99
4.75
0.48
1.17
3.68
340

1424

1764

2017
1.35
0.78
0.96
3.11
131
0.00
0.30
0.07
0.63
0.49
2.04
4.86
0.52
1.18
3.88
332

1425

1757

2005
2.15
0.70
1.46
5.89
129
0.03
0.37
0.08
1.67
0.78
2.51
9.77
0.54
1.04
4.48
444

180
224

2018
1.20
0.80
0.88
2.64
127
0.01
0.28
0.07
2.32
0.51
2.04
4.90
0.48
1.16
4.05
340

140.6

1747

2006
2.32
0.67
1.42
4.69
13.7
0.05
0.36
0.08
1.93
0.82
2.45
8.15
0.56
1.05
4.47
427

178
221

2019
1.19
0.71
0.79
2.62
108
0.01
0.25
0.06
2.64
0.50
1.83
7.36
0.49
0.69
5.59
356
99.1

1347



Table B.4. Annual mercury emissions from the OSPAR Contracting Parties. Units: t/y.

Belgium
Denmark
Finland
France
Germany
Iceland
Ireland
Luxembourg
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
OSPAR
Other

EMEP

1990 1991
6.08 5.81
3.16 3.28
1.08 0.93
256 261
354 299
0.14 0.14
0.83 0.81
0.41 0.40
3.52 291
1.46 1.36
220 2.24
106 108
154 1.23
6.37 5.85
382 384
137 130
180 172
317 302

1992
5.73
3.00
0.89
248
253
0.14
0.73
0.38
2.49
1.20
2.26
116
1.16
5.54
3656

122
162
284

1993
3.72
2.93
0.76
228
226
0.13
0.74
0.39
2.07
0.88
2.21
10.2
1.02
5.15
221
97.7
159
256

1994
4.14
2.54
0.80
223
213
0.12
0.68
0.35
1.65
1.01
2.32
104
1.04
4.72
208
942
155
249

1995 1996
3.35 3.29
2.32 2.46
0.80 0.86
211 201
202 197
0.11 o.11
0.67 0.70
0.23 0.17
142 1.21
0.80 0.82
2.46 2.55
128 106
0.97 1.03
3.89 3.61
202 149
913 821
154 152
245 234

1997
3.76
1.98
0.80
159
194
0.11
0.66
0.13
1.01
0.83
2.82
9.80
0.84
3.35
116
730
149
222

1998
2.69
1.68
0.69
143
190
0.09
0.46
0.09
0.80
0.78
2.63
103
0.85
2.55
10.7
67.6
146
213

1999 2000
3.06 3.21
1.48 1.00
0.63 0.60
128 123
182 182
0.08 0.08
0.41 0.44
0.22 0.27
0.90 1.02
0.82 0.64
2.58 2.37
109 8.83
0.85 0.73
2.29 177
8.36 8.33
636 5938
142 143
206 202

2001
2.84
0.87
0.68
109
176
0.08
0.44
0.29
0.84
0.59
2.08
7.82
0.57
1.44
8.17
55.2
141
197

2002
3.86
0.84
0.67
9.93
16.6
0.07
0.42
0.15
0.73
0.57
2.02
8.72
0.61
1.05
7.24
535
122
176

2003 2004
3.66 3.56
0.87 0.73
0.82 0.75
7.29 6.94
159 152
0.07 0.05
0.43 0.43
0.21 0.16
0.68 0.85
0.70 0.57
1.91 1.9
7.42 7.31
0.69 0.70
0.72 0.74
7.58 6.81
490 4638

151
200

126
173

Table B.4. (continued) Annual mercury emissions from the OSPAR Contracting Parties. Units: t/y.

Belgium
Denmark
Finland
France
Germany
Iceland
Ireland
Luxembourg
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
OSPAR
Other

EMEP

2007
3.19
0.59
0.87
5.41
126
0.06
0.42
0.27
0.75
0.47
1.81
5.81
0.55
0.79
7.08
40.7
129
170

2008
3.61
0.59
0.82
4.77
111
0.05
0.41
0.16
0.64
0.43
1.74
4.95
0.49
0.79
6.94
375
126
164

2009
1.74
0.45
0.76
4.47
103
0.04
0.38
0.06
0.68
0.35
1.70
4.29
0.53
0.75
6.41
329
116
149

2010
1.74
0.43
0.89
4.78
111
0.04
0.36
0.07
0.63
0.38
1.67
4.19
0.51
0.77
6.47
340
117
151

2011
1.68
0.38
0.75
4.92
105
0.03
0.34
0.06
0.73
0.34
1.51
4.29
0.49
0.74
5.95
327
118
150

50

2012
1.30
0.29
0.74
4.38
10.2
0.03
0.36
0.09
0.63
0.31
1.46
4.59
0.45
0.72
5.74
313
117
148

2013
1.39
0.33
0.76
4.30
9.78
0.01
0.35
0.16
0.61
0.31
1.40
4.00
0.48
0.71
6.03
306
114
144

2014
1.52
0.32
0.71
4.62
9.63
0.01
0.34
0.07
0.57
0.27
1.38
4.15
0.42
0.69
5.36
30.1
111
141

2015
1.08
0.28
0.62
4.00
9.44
0.02
0.35
0.08
0.58
0.24
1.44
4.34
0.40
0.69
4.76
283
108
136

2016
1.38
0.33
0.59
3.48
8.63
0.02
0.35
0.12
0.62
0.26
1.41
4.37
0.40
0.69
4.04
26.7
107
133

2017
1.05
0.28
0.58
3.30
8.55
0.02
0.34
0.06
0.50
0.24
1.48
4.30
0.40
0.67
4.03
2538
108
134

2005
2.16
0.69
0.89
7.25
140
0.04
0.45
0.20
0.87
0.56
1.84
7.31
0.65
0.76
7.51
45.1
128
173

2018
1.37
0.27
0.68
3.19
8.25
0.01
0.30
0.06
0.51
0.22
1.43
4.06
0.40
0.67
3.95
254
113
139

2006
2.07
0.61
1.03
7.07
134
0.05
0.43
0.30
0.81
0.51
1.83
6.49
0.50
0.79
7.55
434
138
182

2019
1.03
0.23
0.59
3.00
7.21
0.01
0.33
0.10
0.59
0.22
1.27
3.08
0.40
0.68
4.01
227
115
138



Table B. 5. Annual modelled lead to tal depositions to the main regions of the OSPAR maritime area.

Units: t/y.
OSPAR l. Arctic Il. Greater ll. Celtic IV. Bay V. Wider
region Waters North Sea Seas of Biscay Atlantic
Area, km® 5480370 748586 381919 538114 6329170
1990 1487 1432 312 439 2333
1991 1479 1304 370 462 2243
1992 1516 1244 276 389 2660
1993 1353 1079 377 457 2447
1994 1363 1078 313 248 2032
1995 1322 985 302 361 2315
1996 1173 814 319 298 1823
1997 1068 857 280 272 2326
1998 1045 797 279 313 2280
1999 1051 676 159 290 1681
2000 1007 591 162 205 2046
2001 859 354 92.3 200 1488
2002 860 373 147 203 1928
2003 886 316 132 189 1504
2004 810 323 91.5 195 1461
2005 798 290 84.8 106 1236
2006 762 290 96.1 152 1569
2007 699 237 77.8 180 1373
2008 830 348 105 128 1614
2009 677 229 76.2 105 1287
2010 602 192 57.8 121 1089
2011 827 238 78.0 107 1249
2012 609 210 83.7 86.1 1037
2013 630 209 83.8 94.7 1334
2014 660 281 93.9 111 1316
2015 761 214 94.3 95.6 1280
2016 606 174 76.6 83.8 1222
2017 631 188 70.8 84.6 1079
2018 659 187 76.0 86.2 1225
2019 633 189 79.5 77.6 1197
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Table B. 6. Annual modelled cadmium total depositions to the main regions of the OSPAR maritime area.

Units: t/y.

OSPAR l. Arctic Il. Greater ll. Celtic IV. Bay V. Wider
region Waters North Sea Seas of Biscay Atlantic
Area, km® 5480370 748586 381919 538114 6329170
1990 38.6 40.7 6.5 8.6 58.6
1991 383 344 7.5 8.9 57.9
1992 40.6 38.8 5.7 8.0 63.3
1993 37.5 30.9 7.5 9.0 60.1
1994 37.6 335 7.4 5.8 55.8
1995 36.4 30.0 6.7 7.4 55.3
1996 33.2 23.7 8.4 8.1 52.8
1997 30.5 24.0 6.6 6.6 59.8
1998 30.3 23.2 5.9 7.3 56.4
1999 30.6 23.7 4.6 7.0 49.2
2000 29.5 23.0 4.7 5.8 53.9
2001 27.5 16.3 3.7 6.4 47.8
2002 28.6 19.4 5.6 7.2 58.7
2003 29.6 15.5 4.9 5.9 49.2
2004 29.4 17.0 3.6 5.9 44.0
2005 28.0 15.7 3.3 3.7 40.4
2006 28.3 15.7 3.6 5.2 50.0
2007 26.4 12.5 3.0 5.2 44.7
2008 28.8 16.5 3.9 4.2 48.3
2009 24.7 11.4 3.1 3.6 43.0
2010 233 9.3 2.3 4.2 37.9
2011 30.0 13.1 3.1 3.6 43.1
2012 23.5 9.0 2.9 2.9 35.7
2013 24.1 9.5 3.1 3.5 47.2
2014 24.8 11.8 3.3 3.7 453
2015 28.9 10.0 3.4 3.2 44.4
2016 23.6 8.2 2.9 3.0 43.2
2017 24.8 8.7 2.7 3.0 38.7
2018 25.9 9.5 31 33 44.2
2019 21.8 7.0 2.8 2.7 39.6
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Table B.7. Annual modelled mercury total depositions to the main regions of the OSPAR maritime area.

Units: t/y.
OSPAR I. Arctic Il. Greater Il Celtic IV. Bay of V. Wider
region Waters North Sea Seas Biscay Atlantic
Area, km® 5480370 748586 381919 538114 6329170
1990 59.64 9.68 3.38 3.11 50.70
1991 60.27 9.18 3.83 3.61 50.54
1992 56.77 9.67 3.54 3.30 47.38
1993 59.65 7.73 3.60 3.58 47.06
1994 55.26 8.30 3.63 3.18 46.30
1995 55.57 7.43 3.21 3.58 46.08
1996 53.00 6.92 3.27 3.32 43.36
1997 54.65 6.90 2.92 3.13 45.81
1998 50.05 7.48 3.32 3.07 44.75
1999 52.38 6.58 2.79 3.31 41.98
2000 56.34 7.26 2.74 3.48 42.61
2001 52.67 6.78 2.62 3.37 43.99
2002 49.21 6.52 3.06 3.47 45.59
2003 52.61 6.08 2.73 3.24 45.76
2004 48.68 5.86 2.54 3.02 40.69
2005 54.03 6.24 2.70 2.65 43.70
2006 50.90 6.32 2.77 3.25 45.94
2007 54.47 5.98 2.51 2.94 43.84
2008 52.48 5.86 2.67 297 42.98
2009 54.08 5.83 2.71 2.81 43.32
2010 47.88 5.53 2.36 3.13 41.47
2011 50.30 5.85 2.45 2.52 42.26
2012 46.91 6.01 2.85 293 39.38
2013 51.54 5.33 241 2.95 43.80
2014 47.40 5.92 244 3.04 40.29
2015 48.76 5.59 2.79 2.63 43.34
2016 43.70 4.89 2.57 271 43.01
2017 47.53 5.63 242 2.27 39.07
2018 46.17 5.07 2.20 2.46 39.47
2019 40.74 5.38 247 2.24 39.20
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Table B.8. Contribution of the OSPAR Contracting Parties to lead depositions to 5 regions of the OSPAR in 1995,
2005, 2015. (1. Arctic Waters, 1. Greater North Sea, 1II. Celtic Seas, IV. Bay of Biscay,
V. Wider Atlantic). Units: %

1995 2005 2015

?:;2:: | 1l 1 1V Vv | Il 1 v \ | Il Il 1V Vv
Belgium 0.46 2.28 1.20 0.71 0.30 0.33 3.12 1.05 0.57 0.18 0.18 1.75 0.37 0.28 0.07
Denmark 0.07 0.30 0.04 0.02 0.02 0.11 0.69 0.05 0.03 0.02 0.09 0.70 0.02 0.02 0.01
Finland 0.22 0.03 0.01 0.003 0.01 0.13 0.04 0.010 o0.01 0.01 0.10 0.02 0.002 0.002 0.002
France 2.06 8.43 8.60 8.74 1.95 0.52 4.18 2.25 2.77 0.41 0.39 3.35 1.29 2.03 0.26
Germany 1.12 3.65 1.82 0.95 0.51 0.99 4.97 1.53 0.57 0.30 0.79 4.73 0.73 0.77 0.24
Ireland 0.03 0.001 0.001 0.00 0.01 0.08 0.01 0.01 0.003 0.02 0.04 0.003 0.01 0.001 0.01
Island 0.41 0.66 3.67 0.50 0.58 0.06 0.21 1.17 0.19 0.08 0.05 0.24 0.74 0.08 0.05

Luxembourg 0.01 0.05 0.04 0.02 0.01 0.004 0.03 0.01 0.01 0.002 0.01 0.03 0.01 0.01 0.002
Netherlands 0.21 1.23 0.36 0.17 0.10 0.15 1.75 0.35 0.14 0.06 0.05 0.63 0.08 0.05 0.02

Norway 0.32 0.15 0.02 0.01 0.02 0.24 0.19 0.02 0.01 0.01 0.18 0.17 0.01 0.01 0.004
Portugal 0.65 0.67 2.82 1323 2.01 0.05 0.11 0.36 2.89 0.36 0.03 0.19 0.48 3.63 0.21
Spain 0.85 1.28 2.72 7.75 1.28 0.29 0.81 1.26 5.15 0.52 0.18 0.86 0.90 5.16 0.27
Sweden 0.14 0.07 0.01 0.01 0.01 0.12 0.09 0.01 0.01 0.01 0.10 0.09 0.01 0.004 0.003
Switzedand 0.14 0.39 0.27 0.15 0.07 0.04 0.14 0.07 0.05 0.01 0.03 0.12 0.02 0.03 0.01
UK 7.93 2742 2280 6.72 456 1.39 1061 8.13 2.24 0.77 1.17 1140 4.35 1.14 0.48
Other* 1141 4.52 2.46 1.23 0.93 4.19 3.26 0.97 0.89 0.37 2.49 3.52 0.51 0.81 0.23
GLSE** 740 48.9 53.2 59.8 876 913 69.8 827 845 96.9 941 722 90.5 86.0 98.1

* Other (non-OSPAR) countries of the EMEP region (Europe and Central Asia)
**GLSE - Global and Secondary Sources

Table B.9. Contribution of the OSPAR Contracting Parties to cadmium depositions to 5 regions of the OSPAR in
1995, 2005, 2015. (1. Arctic Waters, 1I. Greater North Sea, IlI. Celtic Seas, IV. Bay of Biscay, V. Wider
Atlantic). Units: %

1995 2005 2015

OSPAR | [ If v Vv | [ If v v | I 1] v v

region
Belgium 040 1.85 1.26 0.8 030 0.25 155 067 042 014 024 1.87 049 0.40 0.10
Denmark 007 029 005 002 002 011 05 005 004 002 012 093 002 003 0.01
Finland 023 002 001 0004 001 023 004 002 001 001 014 002 0003 0.003 0.003
France 0.92 368 408 426 093 045 237 159 219 036 024 176 080 136 0.17
Germany 112 340 223 125 061 130 424 173 079 043 128 618 1.7 140 0.43
Ireland 0.03 0001 0002 0.00 0.1 006 0004 001 0002 001 0.02 0001 0001 000 0.01
Island 009 014 1.05 015 0.5 008 019 146 025 011 008 028 122 014 0.7

Luxembourg 0.003 0.01 0.01 0.01 0.00 0.00 0.03 0.02 0.01 0.00 0.01 0.04 0.01  0.02 0.004
Netherlands 0.10 0.52 0.21 0.12 0.06 023 166 047 0.22 0.10 0.09 0.83 0.14 0.10 0.03

Norway 0.58 0.30 0.05 0.01 0.04 04 031 0.04 0.02 0.03 0.34 0.30 0.02 0.01 0.01
Portugal 0.08 0.07 0.37 274 055 011 0.10 047 4.87 1.03 0.04 0.17 0.60 5.20 0.42
Spain 0.71 1.05 3.16 1330 154 058 1.02 214 1147 122 0.21 0.75 1.09 6.88 0.38
Sweden 0.10 0.05 0.01 0.01 0.010 0.11 0.07 0.00 o0.01 0.01 0.10 0.09 0.01 0.01 0.004
Switzedand 0.08 0.20 0.20 0.11 0.05 0.06 0.12 0.08 0.07 0.02 0.06 0.17 0.03 0.07 0.02
UK 1.99 6.61 8.48 226 142 107 554 6.06 1.91 0.66 1.01 8.67 5.06 1.27 0.48
Other* 5.69 1.47 1.04 0.44 049 684 1.8 0.74 0.79 0.43 555 2.94 0.52 0.73 0.36
GLSE** 878 804 778 745 938 880 803 844 769 954 905 750 88.7 824 975

* Other (non-OSPAR) countries of the EMEP region (Europe and Central Asia)
**GLSE - Global and Secondary Sources
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Table B.10. Contribution of the OSPAR Contracting Parties to mercury depositions to 5 regions of the OSPAR in
1995, 2005, 2015. (1. Arctic Waters, II. Greater North Sea, I1I. Celtic Seas, IV. Bay of Biscay, V. Wider
Atlantic). Units: %.

1995 2005 2015
?es::: | Il 111 1V Vv | Il 1} 1V \ | Il Il v \
Belgium 0.10 1.53 0.47 0.39 0.14 0.07 1.09 0.22 0.23 0.09 0.05 0.69 0.15 0.18 0.06
Denmark 0.18 2.66 0.21 0.09 0.13 0.08 1.14 0.06 0.05 0.04 0.04 0.62 0.02 0.02 0.01
Finland 0.11 0.04 0.01 0.01 0.02 0.10 0.04 0.01 0.01 0.02 0.10 0.03 0.00 0.01 0.02
France 0.49 5.64 3.87 523 1.04 0.22 251 121 267 0.45 0.16 1.63 0.69 1.56 0.26
Germany 0.66 6.53 1.69 1.16 0.74 0.65 553 1.01 0.86 0.56 0.52 4.27 0.72 1.05 0.46
Ireland 0.12 0.03 0.05 0.02 0.07 0.05 0.02 0.02 0.01 0.02 0.03 0.01 0.01 0.004 0.01
Island 0.05 0.29 1.60 0.28 0.16 0.05 0.27 1.46 040 0.14 0.05 033 1.12 0.20 0.09

Luxembourg 0.004 0.03 0.02 0.02 0.01 0.004 0.04 0.02 0.02 0.01 0.003 0.02 0.01 0.01 0.003
Netherlands  0.05 1.52 0.18 0.11 0.05 0.05 1.01 0.11 0.10 0.04 0.04 0.82 0.09 0.08 0.03

Norway 0.24 0.62 0.05 0.02 0.04 0.19 0.50 0.04 0.02 0.03 0.13 0.27 0.01 0.01 0.01
Portugal 0.05 0.12 0.32 2.77 0.48 0.06 0.12 0.26 3.08 0.57 0.04 0.13 0.23 2.46 0.38
Spain 0.33 1.27 2.19 1095 1.28 0.27 1.09 1.39 8.17 1.17 0.17 0.78 0.72 5.54 0.52
Sweden 0.11 0.21 0.02 0.01 0.03 0.08 0.16 0.02 0.01 0.02 0.06 0.12 0.01 0.01 0.01
Switzerand 0.07 0.33 0.22 0.16 0.10 0.02 0.08 0.04 0.05 0.02 0.02 0.09 0.02 0.06 0.03
UK 1.31 2208 1643 4.02 1.89 0.72 1175 7.09 293 0.9 0.64 1057 4.21 1.44 0.56
Other* 3.39 3.05 1.18 0.70 4.83 2.85 2.25 0.56 0.63 4.20 2.96 2.94 0.47 0.84 4.63
GLSE** 92.7 540 715 741 890 945 724 865 808 917 950 767 915 86.5 929

* Other (non-OSPAR) countries of the EMEP region (Europe and Central Asia)
**GLSE - Global and Secondary Sources
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Annex C. COMPARISON WITH MEASUREMENTS

Lead, air concentrations, ng/m3

Pb air concentrations, ng/m? Pb air concentrations, ng/m? Pb air concentrations, ng/m3 Pbair concentrations, ng/m? Pb air concentrations, ng/m3
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Mercury, air concentrations, ng/m3
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Mercury, wet deposition, g/km?2 /year
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