Chapter 20
The EMEP/MSC-E Mercury Modeling System

Oleg Travnikov and Ilia Ilyin

Summary The EMEP/MSC-E hemispheric chemical transport model (MSCE-
HM-Hem) and its regional version (MSCE-HM) are applied for operational calcula-
tions of mercury transboundary pollution within the European region and in the
Northern Hemisphere. This chapter contains examples of the models application
for assessment of mercury atmospheric dispersion and deposition both on hemispheric
and regional scales. Model simulations of mercury atmospheric dispersion in the
Northern Hemisphere have been performed for the period 1990-2004. Long-term
changes of mercury deposition during this period have been evaluated for different
continents and regions of the Northern Hemisphere. Obtained modelling results have
been compared with long-term monitoring data from various national and international
networks. Besides, intercontinental transport of mercury as well as sensitivity of mercury
deposition in the Northern Hemisphere to emission reduction in different continents
have been estimated.

20.1 Introduction

Mercury is among the priority pollutants considered under the Convention on
Long-Range Transboundary Air Pollution (CLRTAP). Along with other heavy met-
als it was included into the Protocol on Heavy Metals — an international binding
instrument under the Convention regulating atmospheric emissions of these pollut-
ants and aimed at reduction of their adverse effects on human health and the envi-
ronment. Scientific support of development and implementation of the Protocol is
provided by the Cooperative Programme for Monitoring and Evaluation of the
Long-range Transmission of Air Pollutants in Europe (EMEP). To meet require-
ments of the Protocol the Meteorological Synthesizing Centre - East of EMEP
(EMEP/MSC-E) develops and applies appropriate chemical transport models to
provide Parties to the Convention with information on transboundary fluxes and
deposition of heavy metals in Europe including mercury.

This chapter contains examples of application of the EMEP/MSC-E chemical
transport models for assessment of mercury atmospheric dispersion and deposition
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both on hemispheric and regional scales. Particular attention is paid to evaluation
of long-term changes of mercury deposition in different parts of the Northern
Hemisphere and to estimates of relative importance of the intercontinental atmos-
pheric transport for mercury deposition and their sensitivity to emission reduction
in various continents.

20.2 Model Description

The EMEP/MSC-E hemispheric chemical transport model (MSCE-HM-Hem) and
its regional version (MSCE-HM) are applied for operational calculations of mer-
cury and other heavy metals transboundary pollution within the European region
and in the Northern Hemisphere in connection with the EMEP programme and
other activities relating to the CLRTAP. Detailed description of the models is avail-
able in (Travnikov and Ryaboshapko, 2002; Travnikov and Iliyn, 2005; Travnikov,
2005). A brief overview of the model formulation is presented below.

The hemispheric MSCE-HM-Hem model is a three-dimensional Eulerian type
chemical transport model driven by off-line meteorological data. The model
domain covers the whole Northern Hemisphere with resolution 2.5° x 2.5° (Figure
20.1(a)). The terrain-following pressure-based vertical coordinate consists of eight
irregular layers up to the lower stratosphere. The model considers mercury emissions
from anthropogenic and natural sources, transport in the atmosphere, chemical
transformations both in gaseous and aqueous phases, and deposition to the ground.
The regional version of the model (MSCE-HM) is formulated on the polar stereo-
graphic projection and covers the European region and surrounding areas by a regu-
lar grid with 50x 50 km spatial resolution at 60°N (Figure 20.1b). Both models have
the same formulation of major physical and chemical processes and are coupled by
the one-way nesting. Daily mean concentrations of three atmospheric mercury
forms (Hg®, Hg(“)gas, Hg ) pre-calculated with the hemispheric model are used for
definition of initial and boundary conditions for the regional model.

Figure 20.1 Hemispheric (a) and the EMEP regional (b) grids of the MSCE-HM-Hem and
MSCE-HM models
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The chemical scheme of mercury transformation in the atmosphere is based on the
kinetic mechanism developed by Petersen et al. (1998). The original scheme was
optimized in order to accelerate the model performance for operational calculations.
For this purpose very slow reactions were neglected, whereas very fast ones were
replaced by appropriate equilibriums. The model description of physical and chemical
transformations of mercury in the atmosphere includes dissolution in cloud droplets,
gas-phase and aqueous-phase oxidation by ozone, chlorine and hydroxyl radical,
aqueous-phase reduction via decomposition of sulphite complexes, formation of
chloride complexes, and adsorption by soot particles in cloud water. A summary of
all chemical transformations included to the model is presented in Table 20.1.

The monthly mean data on air concentration of chemical reactants involved in
reactions with mercury are taken from Wang et al. (1998) for ozone, Chin et al.
(1996) for sulphur dioxide, and Spivakovsky et al. (2000) for hydroxyl radical. The
original data were interpolated to the model grid. In order to take into account the
diurnal cycle of OH radical we assume zero concentration at night and concentra-
tions proportional to the cosine of the solar zenith angle during daytime. Besides,
air concentrations of OH were decreased by a factor of 2 in the cloud environment
and below clouds to account for reduction of photochemical activity (Seigneur et al.,
2001). Besides, following Seigneur et al. (2001) we adopt air concentration of
molecular chlorine in the lowest model layer over the ocean to be 100 ppt at night
and 10 ppt during daytime and zero concentration over land. Model description of
removal processes includes dry deposition and wet scavenging. The dry deposition
scheme is based on the resistance analogy approach (Wesely and Hicks, 2000) and
allows taking into account deposition to different land cover types (forests, grassland,
water surface etc.). Dry deposition of particles to vegetation is described using the
theoretical formulation by Slinn (1982) and fitted to experimental data (Ruijgrok
et al., 1997; Wesely et al., 1985).

The parameterization of dry deposition to water surfaces is based on the
approach suggested by Williams (1982) taking into account the effects of wave
breaking and aerosol washout by seawater spray. Parameters of dry deposition of
gaseous oxidised mercury are chosen as for those of nitric acid (zero surface resist-
ance) because of similar solubility of these substances. Besides, dry deposition of
gaseous elemental mercury to vegetation is considered. The deposition velocity of
this form varies from 0 to 0.03 cm s depending on surface temperature, solar radia-
tion and vegetation type. The model distinguishes in-cloud and sub-cloud wet
scavenging of particulate species and highly soluble reactive gaseous mercury
based on empirical data. Besides, the precipitation rate is scaled for convective
precipitation according to Walton et al. (1988) to take into account fractional cover-
age of a grid cell with precipitating clouds.

The hemispheric MSCE-HM-Hem model is driven by off-line meteorological
parameters supplied by the low atmosphere diagnostics system (SDA) developed in
co-operation with Hydro-meteorological Centre of Russia (Rubinstein and Kiktev,
2000). The system provides 6-hour weather prediction data along with estimates of
the atmospheric boundary layer parameters and covers the Northern Hemisphere
with the model spatial resolution. NCAR/NCEP re-analysis data is utilized as the
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input information for the system. The regional MSCE-HM model is driven by mete-
orological data pre-processed by the MMS5 - Fifth Generation Penn State/NCAR
Mesoscale Model (Grell et al., 1995). The pre-processor utilizes the NCAR/NCEP
re-analysis or ECMWF data as the input information and provides 6-hour weather
prediction data with the same spatial resolution as that of the transport model.

Anthropogenic emissions data for long-term calculations during the period
1990-2005 were prepared utilizing global mercury emission datasets available for
the years 1990, 1995, and 2000 (CGEIC website; Pacyna et al., 2003; Pacyna et al.,
2006). For other years of the period the linear interpolation was applied, except for
emissions for years 2001-2004 which were taken equal to those in 2000 because of
absence of more recent data. However, this assumption evidently does not allow
taking into account significant growth of mercury emissions in China since 2000
(see Chapters 2 and 3). Estimated long-term changes of total mercury anthropo-
genic emissions in the Northern Hemisphere and their spatial distribution in 2000
are presented in Figure 20.2.

As seen, relative contribution of European and North American sources to total
hemispheric emission significantly decreased in the first half of the period while the
contribution of Asian sources increased. Thus, the overall emission changed
slightly between 1990 and 2004.

Natural emission and re-emission of mercury from soil and seawater was taken
into account using global estimates by Lamborg et al. (2002). Spatially resolved
emission flux was obtained by distribution of the global emission values over
Earth’s surface depending on the soil temperature for emissions from land and
proportional to the primary production of organic carbon for emissions from the
oceans (Travnikov and Ryaboshapko, 2002). It was expected that mercury is emitted
from natural surfaces in elemental gaseous form. The temperature dependence of
soil emission was described by an Arrhenius type equation with empirically derived
activation energy about 20 kcal mol! (Kim et al., 1995; Carpi and Lindberg, 1998;
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Figure 20.2 Long-term changes of mercury anthropogenic emissions in the Northern Hemisphere
(a) and spatial distribution of Hg anthropogenic emissions in 2000 (b). Solid lines depict source
regions selected for the analysis
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Poissant and Casimir, 1998; Zhang et al., 2001). Evasion of Hg from geochemical
mercuriferrous belts (Gustin et al., 1999) was assumed to be 10 times higher then
that from background soils. Monthly mean satellite based data on the ocean primary
production of carbon (Behrenfeld and Falkowski, 1997) were utilized to distribute
the natural mercury emission flux over the ocean.

Two-years model spin-up was performed to fill up the atmosphere with mercury.
To take into account the inter-hemispheric transport of mercury a fixed gradient of
elemental mercury concentration of 0.05 ng m* degree was set at the equator. This
value was obtained from approximation of measurement data from the ocean
cruises (Slemr, 1996).

20.3 Results and Discussion

Model simulations of mercury atmospheric dispersion in the Northern Hemisphere
were performed for the period 1990-2004. Long-term changes of mercury deposition
during this period were evaluated for different continents and regions of the
Northern Hemisphere. Obtained modelling results were compared with long-term
monitoring data from various national and international networks (EMEP, NADP/
MDN, CAMnet etc.) Besides, intercontinental transport of mercury as well as sen-
sitivity of mercury deposition in the Northern Hemisphere to emission reduction in
different continents were estimated. Major modelling results are discussed below.

20.3.1 Spatial distribution and long-term trends

Spatial patterns of total mercury deposition in the Northern Hemisphere and, with
higher resolution, in Europe are illustrated in Figure 20.3 for the year 2001.

Figure 20.3 Spatial distribution of total mercury deposition in the Northern Hemisphere and in
Europe in 2001
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In general, spatial distribution of deposition well corresponds to the emission field
(Figure 20.2b): Elevated deposition fluxes (more than 20 g km™? yr~!) were in Europe,
North America, Eastern and Southern Asia. Mercury deposition in these regions are
defined to a greater extent by primary short-lived mercury forms (oxidized gaseous
and particulate mercury) directly emitted to the atmosphere from local anthropo-
genic sources. On the other hand, deposition over remote regions depend on in situ
oxidation of elemental mercury transported from various continents.

Therefore, considerable deposition fluxes over some parts of the Atlantic and
Pacific oceans (up to 12 g km? yr™) are result of combination of two factors: rela-
tively high concentrations of the oxidants (tropospheric ozone first of all) and ele-
vated precipitation amount in these regions. Here we consider only long-term
deposition of mercury to the surface and do not take into account its fast circulation
between air and seawater in the marine boundary layer (e.g. Laurier et al., 2003;
Hedgecock and Pirrone, 2004). The lowest deposition fluxes were predicted over
desert regions in Africa and in some areas of the Arctic mostly because of small
precipitation amount. However, it should be noted that chemical mechanism of
mercury depletion events (MDEs) was not taken into account in this study. Thus,
one can expect that mercury deposition in the Arctic is considerably higher, particu-
larly, in the coastal areas.

Estimates of long-term changes of mercury deposition to different continents
and regions of the Northern Hemisphere are presented in Figure 20.4. The most
significant decrease of deposition during the considered period took place in
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Figure 20.4 Long-term changes of mercury deposition flux in Europe (a), North America (b),
Eastern and Southeastern Asia (c), and in the Arctic (d). Solid line presents average flux over the
region; shaded area shows 90%-confidence interval of the flux variation over the region
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Europe: the average deposition flux decreased by a factor of two, whereas the highest
deposition fluxes decreased by a factor of three (Figure 20.4(a)). The reason for that
is considerable emission reduction in Europe in this period (see Figure 20.2a).
Changes of mercury deposition in North America (Figure 20.4(b)) are less pro-
nounced because of smaller emission reduction and more essential contribution of
mercury transport from other continents (in particular, from East Asia). In agreement
with changes of anthropogenic emissions, deposition of mercury increased in
Eastern and Southeastern Asia (Figure 20.4(c)). However, the increase was
smoothed by decrease of emissions in other parts of the Northern Hemisphere. In the
beginning of the period deposition levels in Eastern and Southeastern Asia was
comparable with those in Europe and almost twice higher than in North America,
whereas by the end of the period deposition in Asia became the highest in the
Northern Hemisphere. Estimated mercury deposition in the Arctic did not change
significantly during the 15-years period (Figure 20.4(d)) and they are several times
lower than those in major industrialized continents. However, as it was mentioned
above, these estimates do not take into account effect of the MDEs and, therefore,
underestimate actual deposition in the Arctic. It should be also noted that some
increase of mercury deposition estimated for last years of the period (2001-2004)
was caused solely by changes of meteorological conditions since emissions were
taken unchanged for these years.

Estimates performed by the regional version of the model with more detailed
emissions for Europe (WebDab, 2006) demonstrate continuous decrease of deposition
in Europe during the whole period including the last years (Figure 20.5(a)). In par-
ticular, Figure 20.5 shows trends of mercury deposition changes to different land use
categories in Europe. As seen the largest deposition values and the most significant
decrease are characteristic of urban areas. It is evident that they are located in the
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Figure 20.5 Long-term changes of mercury deposition flux to different landuse categories in
Europe (a) and comparison of calculated mercury deposition to forests with throughfall measurements
at forest sites in Europe (b)



20 The EMEP/MSC-E Mercury Modeling System 579

immediate vicinity of main anthropogenic sources and reflect emission dynamics.
On the other hand, changes of deposition to other sensitive land use categories (for-
est, wetland) are less pronounced because they are located more remotely from
direct emission sources and more affected by transport form other continents and
natural/re-emission sources. Another aspect of these estimates is connected with
current understanding of mercury exchange with vegetation. Analysis of contempo-
rary models parameterization of mercury deposition to forest reveal that simulated
total (wet and dry) deposition cannot explain overall input of mercury to the forested
ecosystems (Munthe, 2005). Particularly, Figure 20.5(b) presents comparison of
modelled deposition fluxes with measurements at several forested ecosystems in
Europe (Schwesig et al., 1999; Schwesig and Matzner, 2000; Porvari and Verta,
2003; Lee et al., 2000; Munthe et al., 1995). As seen from the figure, the model suc-
cessfully reproduces throughfall deposition flux of mercury, however, it fails taking
into account litterfall component of deposition, which is defined by mercury accu-
mulated in foliage. Thus, mercury deposition simulated by the model likely signifi-
cantly underestimate actual total input of mercury to forested ecosystems.

20.3.2 Evaluation of Modelling Results

In order to evaluate the modelling results calculated mercury concentrations in air and
precipitation were compared with available measurements. For this purpose we used
long-term observations from the EMEP monitoring network in Europe (Aas and
Breivik, 2006) as well as the NADP /MDN (http://nadp.sws. uiuc.edu/mdn/) and
CAMNet (Kellerhals et al., 2003) networks in North America. Besides, measurements
at the Arctic stations (Barrow, Alert, Amderma), data from the MAMCS project
(Pirrone et al., 2003) and some measurements from Asia (Tan et al., 2000; Kim et al.,
2002) were involved in the comparison. Location of monitoring sites used in the model
evaluation is shown in Figure 20.6(a). Results of the comparison of annual mean val-
ues for the period 1990-2004 are presented in Figures 20.6(b) and 20.6(c).

As seen, modelled concentrations of total gaseous mercury well agree with
observed ones. Discrepancy between calculated and measured values does not
exceed 20% with the exception of high values at Chinese and Korean sites which
are somewhat underestimated by the model. On the other hand, the model tends to
overestimate observed mercury concentration in precipitation. Besides, scattering
of modelled and observed concentration in precipitation is more significant than in
the case of air concentration. Nevertheless, difference between the calculated and
measured values does not exceed a factor of two.

An example of comparison of measured and modelled long-term variation of
mercury concentration in air and precipitation during the period 1990-2004 at some
monitoring sites is shown in Figure 20.7. Both model and observations demonstrate
relatively low variation of total gaseous mercury concentration in air (Figures
20.7(a) and 20.7(b)).

The model somewhat overestimate relatively low concentrations (below 1.5 ng m®)
at station Pallas in Finland. Besides, it does not catch deep depressions of the concentration



580 O. Travnikov and I. Ilyin

Model, ngjfm3
N}
T

0 | 2 3 4
Observed, ng/m®

Model, ng/L

mod
i i R, =03
0 "':’ | I P S S —
0 5 10 15 20 25 30
Observed, ng/L

Figure 20.6 Location of monitoring sites used in the model evaluation (a), calculated vs. meas-
ured values of mean annual concentration of total gaseous mercury (b) and mercury concentration
in precipitation (c¢). Dashed lines depict two-fold difference interval

during springtime because of MDEs at the Arctic station Zeppelin located at
Spitsbergen. Both measurements and the model do not show significant changes of air
concentrations between 1990 and 2004. The model successfully reproduces variation
of mercury concentration in precipitation (Figures 20.7(c) and 20.7(d)). The variation
exhibits pronounced seasonal cycle with maximum in summer and minimum in winter,
which is defined by higher concentrations of photo oxidants during summertime.

20.3.3 Intercontinental Transport

As it was demonstrated above mercury deposition in many cases is significantly
affected by transport from other continents (except areas located in the immediate
vicinity of direct emissions). To evaluate the influence of intercontinental transport
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Figure 20.7 Modelled vs. measured long-term variation of monthly mean total gaseous mercury
concentration in air (a, b) and total mercury concentration in precipitation (¢, d) at some monitoring
sites in Europe (Aas and Breivik, 2006) and North America (http://nadp.sws.uiuc.edu/mdn/)

on mercury deposition in the Northern Hemisphere and its sensitivity to emission
reduction in different continents we performed model runs with anthropogenic
emissions decreased by 20% in four major source regions — Europe, North America,
East Asia and South Asia (see Figure 20.2 (b)) — with respect to the base case for
the year 2001.

Figure 20.8 illustrates spatial patterns of simulated decrease mercury deposition
in the Northern Hemisphere due to 20% emission reduction in the mentioned above
regions. Mercury deposition in the Northern Hemisphere are the most sensitive to
emission reduction in East Asia (Figure 20.8(a)) because of large relative contribution
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Figure 20.8 Spatial distribution of relative decrease of mercury deposition due to 20% emission
reduction in East Asia (a), Europe (b), North America (c¢), and South Asia (d)

of sources located in this region to the global mercury emissions. Deposition of
mercury decreases considerably not only in Eastern Asia but also over the North
Pacific, North America and the Arctic. Emission reduction in Europe also results in
considerable deposition decrease (apart from in Europe itself) in the North Atlantic,
the Arctic and Northern Africa (Figure 20.8(b)). Decrease of mercury emissions in
North America partly affects deposition in the North Atlantic and the Arctic (Figure
20.8(c)). Emission reduction in Southern Asia has the lowest effect on decrease of
mercury deposition in the Northern Hemisphere (Figure 20.8(d)). The probability
distribution of the deposition decrease values over the Northern Hemisphere with
respect to 20% emission reduction in four selected regions is characterized quanti-
tatively in Figure 20.9(a). As seen from the figure the most probable values of the
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Figure 20.9 Probability distribution of mercury deposition decrease over the Northern
Hemisphere due to 20% emission reduction in the selected source regions (a) and contribution of
the source regions to the deposition decrease in different receptor regions (b)

deposition decrease are 3.2%, 2.8%, 1.8%, and 0.4% for East Asia, Europe, North
America and South Asia, respectively.

The relative contribution of different source regions to the deposition reduction
of mercury over various receptor regions is illustrated in Figure 20.9(b). As seen
deposition in Europe is most sensitive to reduction of anthropogenic emissions
from its own sources but also in Eastern Asia and North America. Deposition
decrease in East and South Asia is also mostly defined by reduction of emissions
from own sources. On the other hand, mercury deposition in North America only
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partly depends on emissions from own sources but also to a great extent on those
from East Asian and European sources. Deposition to the Arctic are almost equally
sensitive to changes of emissions in East Asia and in Europe and also partly to those
in North America. Total deposition decrease due to 20% emission reduction in all
four regions varies from 8% in the Arctic to 15% in East Asia.

20.4 Uncertainty and Future Research

The analysis presented above analysis contains significant uncertainties. First of all,
one of the most essential input data for mercury atmospheric dispersion modelling
— anthropogenic emissions — remain incomplete and rather uncertain. The most
resent global estimates of anthropogenic emissions relate to the year 2000 (Pacyna
et al., 2006) and do not include some important parameters such as temporal variation
of emissions. Therefore, further development of mercury atmospheric modelling
requires update and improvement of global emissions data. Another important infor-
mation affecting quality of mercury modelling is data on natural emission and re-emission
of mercury. According to available estimates (Mason and Sheu, 2002; Strode et al.,
2007) mercury evasion from land and the ocean significantly contributes to total
mercury emission to the atmosphere and even likely exceeds the anthropogenic one.
Therefore, reliable spatially and temporally resolved data on natural emission and
re-emission are critical for estimates of realistic mercury deposition levels. A possible
solution of this problem is development of a global multi-media modelling system
taking into account mercury cycling in the environment and its accumulation in
different environmental compartments. Among the most uncertain model processes
one could select atmospheric chemistry and dry deposition (particularly, to vegetation).
Additional studies are needed to refine chemical constants of the most important
oxidation reactions with ozone, hydroxyl radical, halogens and improvement of
model parameterisation of dry deposition of different mercury species. Available
long-term measurement data do not allow complete evaluation of modelled mercury
concentration and deposition levels because they are mostly located in North
America and Europe. There are large territories in Africa and Asia not covered by
observations at all and only episodic measurements are available from the oceans.
Besides, very scarce measurement data is available on mercury dry deposition and
speciated air concentrations. Development of a global monitoring network of long-
term observation including measurements of different mercury species could significantly
improve evaluation of modelling results.
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