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Abstract

Five regional scale models with a horizontal domain covering the European continent and its surrounding seas, one hemispheric
and one global scale model participated in an atmospheric mercury modelling intercomparison study. Model-predicted
concentrations in ambient air were compared against mercury species observed at four monitoring stations in Central and Northern
Europe and a station on the Irish west coast. The modelled concentrations of total particulate mercury (TPM) were generally
consistent with the measurements at all sites. The models exhibited significant ability to simulate concentrations of gaseous
elemental mercury (GEM), but some of the short-duration peaks at the Central European stations could not be consistently
reproduced. Possible reasons for these discrepancies include (1) errors in the anthropogenic emissions inventory utilized; (2) coarse
spatial resolution of the models; and (3) uncertainty of natural and re-emitted mercury sources. The largest discrepancies between
measurements and modelled concentrations were found for reactive gaseous mercury (RGM). For these models, the uncertainty in
predicting short-term (two-week episode) variations of mercury species in air can be characterized by the following overall
statistics: 90% of the results for TGM are within a factor of 1.35 of the measurements; for TPM, 90% are within a factor of 2.5; and
for RGM, 90% are within a factor of 10.
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1. Introduction

The Cooperative Programme for Monitoring and
Evaluation of the Long-Range Transmission of Air
Pollutants in Europe (EMEP) was established by the
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1979 Convention on Long-Range Transboundary Air
Pollution on Heavy Metals (signed currently by 36
countries). One of the primary objectives of EMEP is to
provide (using appropriate models) estimates of trans-
boundary fluxes and deposition of heavy metals within
the geographical scope of EMEP. Hence, the modelling
results are intended to be a basis for the countries to
make decisions that are potentially very expensive. The
Meteorological Synthesizing Centre East (MSC-E) of
EMEP has a responsibility to perform these model
calculations. A natural question arises — to what extent
can the countries trust the modelling results? The
existing mercury monitoring networks are too scarce
and do not cover the modelling domain. Moreover,
some essential parameters of mercury transport and
deposition are not measured by current monitoring
systems at all (short-lived compounds, dry deposition
etc.). Hence, one useful activity that can be done to
begin to establish trust is to compare the models among
themselves to get a measure of the overall modelling
uncertainty. In addition, the model intercomparisons are
essential prerequisites for the development and applica-
tion of operational models.

Many numerical models of different types have been
developed to evaluate the atmospheric transport and
deposition of heavy metals on local, regional and global
scales. They are widely used as purely scientific
instruments or as applied methods to solve environ-
mental problems of local or national scopes. It is
understandable that the models can differ from each
other depending on their complexities and their tasks.
Intercomparison studies have already been completed
for lead (Sofiev et al., 1996) and cadmium (Gusev et al.,
2000). This mercury model intercomparison study was
initiated in 1999 to be carried out in three stages: (I)
comparison of algorithms for the physico-chemical
transformations of mercury species in a cloud/fog
environment (Ryaboshapko et al., 2002); (II) compar-
ison of model results with observations of mercury
concentrations in air during two short-term episodes;
and (III) comparison of model results with observed
monthly and annual means of mercury concentrations in
air and precipitation as well as comparison of estimated
deposition fluxes over the entire EMEP domain and
over selected European countries.

Here we report the results of stage II (the results
of stage III are presented in a companion paper,
Ryaboshapko et al., 2007). The main task of this stage
was to characterize the uncertainty in modelling short-
term (days–weeks) mercury concentration variations in
the atmosphere. Three mercury physico-chemical forms
were considered: gaseous elemental mercury (GEM),
total particulate mercury (TPM), and reactive gaseous
mercury (RGM). Participating models performed simu-
lations of the fate and transport of atmospheric mercury
emitted from a common emissions inventory for two
different multi-week episodes (one in 1995 and one in
1999). Model predictions were compared against
measurements at five regional monitoring sites in
Europe for these two episodes. It should be noted that
in some cases the measurements give concentration
values for total gaseous mercury (TGM=GEM+RGM).
Because the RGM contribution to TGM is very small,
below we consider the corresponding measurement
results as GEM. Only a brief summary of the
methodologies and results can be given here, but more
extensive details are available elsewhere (Ryaboshapko
et al., 2003).

2. Participating models

A brief summary of the main characteristics of the
participating models is given in Table 1, along with
references for more detailed descriptions. The partic-
ipating models include a regional Lagrangian formu-
lation and Eulerian approaches on regional,
hemispheric and global scales. All the models employ
extensive gas- and aqueous-phase chemical mechan-
isms and explicitly track numerous species concentra-
tions. In these algorithms, mercury species are
transferred among different phases in the atmosphere
(e.g., gas, aqueous, particles in air, and particles in
liquid) according to equilibrium and/or mass transfer
considerations. The models simulate the chemistry of
mercury within the various phases in the atmosphere,
including the complexation of mercury species with
other compounds in the aqueous phase. Some of these
reactions oxidize elemental to ionic mercury and some
reduce ionic to elemental mercury. As deposition
processes can be dramatically different for different
mercury forms, an accurate description of these
transformation reactions is vitally important to predict
the fate of mercury species in the atmosphere. The
chemical schemes employed by the various models are
very similar, largely consistent with the schemes
described in Ryaboshapko et al. (2002).

Modelling of mercury chemical transformations in
the atmosphere requires the knowledge of concentra-
tions of several reactants and of a number of geophysical
parameters (Ryaboshapko et al., 2002). Table 2
describes the chemical parameters and/or data sets that
were used as the inputs in this intercomparison study.
Note that some of the models used the pre-simulated
sulphur dioxide and ozone concentrations described in



Table 1
Characteristics of participating models

Model name ADOM CMAQ DEHM EMAP GRAHM HYSPLIT MSCE-HM

Model type Eulerian Eulerian Eulerian Eulerian Eulerian Lagrangian Eulerian

Model domain Europe Central and
Northern Europe

Northern
Hemisphere

EMEP
domain(a)

Global Northern
Hemisphere

EMEP
domain(a)

Horizontal resolution
(km, unless noted
differently)

55×55 36×36 50×50
150×150(c)

50×50 1°×1° 2.5°×2.5°(b) 50×50

Model top height
(km)

10 15 15 5 30 25 3.9

Source of
meteorological
data

HIRLAM,
off-line

ECMWF TOGA
reanalysis,
MM5, off-line

ECMWF
TOGA
reanalysis,
MM5, off-line

NCEP/
NCAR
reanalysis,
SDA, off-line

Canadian
Meteorological
Centre, on-line

NCEP/
NCAR reanalysis,
off-line

NCEP/
NCAR reanalysis,
SDA off-line

Boundary
conditions(d)

GEM (ng m−3) 1.5 1.7 1.5 1.5 1.5(e) 1.6–1.7(f)

TPM (pg m−3) 20 17 0 10 None 10(e) 20
RGM (pg m−3) 2 17 0 10 5(e) 0

Dry deposition(g)

GEM – – – – DDV – DDV
TPM RA RA RA DDV RA RA RA
RGM RA RA RA DDV RA RA DDV

Wet deposition(i) CM SC SC SC CM SC SC
Gas-phase oxidation
agents

O3 O3, H2O2, Cl2,
OH

O3 O3, OH O3 O3, H2O2, Cl2,
HCl, OH

O3
(j)

Aqueous-phase
oxidation agents

O3 O3, OH, HOCl,
OCl−

O3 O3 O3 O3, OH, HOCl,
OCl−

O3

Aqueous-phase
reduction agents

SO3
= SO3

=, hv, HO2 SO3
= SO3

= SO3
= SO3

= SO3
=, HO2

References Petersen et al.
(2001)

Bullock and
Brehme (2002)

Christensen
et al. (2004)

Syrakov
(1995)

Dastoor and
Larocque (2004)

Cohen et al.
(2004)

Ilyin et al.
(2002)

(a)EMEP domain includes Europe, partly the North Atlantic and the Arctic oceans, Northern Africa, and part of Middle East (www.emep.int);
(b)resolution of meteorological data; (c)for EMEP domain and outside the domain, respectively; (d)presented values are for the ground level, normal
conditions; (e)applied throughout the model domain; (f)depending on a boundary; (g)RA is a resistance approach, DDV is a simple dry deposition
velocity approach; (h)empirical function of surface roughness and friction velocity; (i)CM is cloud microphysics, SC is a scavenging coefficient
approach; (j)temperature dependent reaction rate.
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this table, and other models included photochemical
simulations (e.g., to derive estimates for ozone con-
centrations) and/or sulphur fate and transport simula-
tions (to derive estimates for SO2 concentrations).

It is well known that global sources can affect the
mercury concentrations at any given location. By
definition, models with non-global model domains
cannot explicitly account for such influences. Accord-
ingly, as is the standard practice, the regional and
hemispheric Eulerian models (CMAQ, ADOM, EMAP,
MSCE-Hg) utilized the various boundary conditions
shown in Table 1 in an attempt to account for sources
outside their model domains. The formulation of
regional Lagrangian models does not generally allow
such boundary conditions. For these types of models, a
constant background concentration is typically added
throughout the model domain (e.g., Shannon and
Voldner, 1995; Petersen et al., 1995; Bullock et al.,
1998; Forlano et al., 2000). As shown in Table 1, the
regional Lagrangian model involved in this exercise
(HYSPLIT) used this same procedure to account for
the influence of sources outside its domain. The use of
a background concentration for GEM and TPM is
consistent with their well-known ability to be trans-
ported over long distances in the atmosphere. The use
of a background for RGM is supported by measure-
ments for RGM in Europe (e.g., Munthe et al., 2003).
We note that the background concentrations utilized
for RGM and TPM were adopted to account for both
the transport of these mercury forms into the model
domain and their formation from background GEM
within the domain.

http://www.emep.int
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3. Emissions

Short-term variability of mercury content in air can
be potentially influenced by direct anthropogenic
emissions, as well as natural emissions and anthropo-
genic re-emissions. For the purposes of this intercom-
parison, it was assumed that direct anthropogenic
emissions would exert the greatest influences on
observed atmospheric concentrations in the region.
Travnikov and Ilyin (2005) showed that only a few
percent of GEM over Europe can be accounted for
European natural emission and re-emission on an annual
basis. Hence only direct anthropogenic emissions were
considered in the regional models. For the participating
regional models, natural emission and re-emission
outside the domain were partially taken into account
by assumed boundary conditions and/or other model
assumptions as noted above and described in more detail
in Table 1. For the global models, all types of mercury
emissions were considered. It is believed that natural
emissions and re-emissions occur exclusively as GEM
(Ebinghaus et al., 1999b).

For simulating both the 1995 and 1999 episodes,
regional anthropogenic emission data for 1995 (Pacyna
et al., 2001) were used, and these emissions data are
referred to in this study as the “MOE” emissions
inventory. The data consist of mercury emissions from
Table 2
Input chemical parameters and assumptions used in the models

Data Assumption(s) and/or estimation method

Sulphur dioxide Daily mean values generated via air qu
07.07.1996 for the first episode and the p
et al., 1990); results for 1995 were not ava
for the 1995 episode; 50×50 km horizon
DEHM included sulphur dioxide conc
concentration value of 1 ppb.

Ozone 6-h mean ozone values generated via air q
be used for the first episode) and from 23
et al., 1993); data for 1995 and for 1999 a
4 km. CMAQ, GRAHM and DEHM incl
concentration value of 35 ppb.

Soot Modelled values of soot concentrations c
with 150×150 km spatial resolution at 7
assumed that soot concentration outside E
vertical levels).

pH of cloud water 4.5
Chloride concentration in cloud

water
2.5 mg l−1

OH radical in cloud water Midday (maximum): 10−12M; night: 0
HO2 radical in cloud water Midday (maximum) concentration: 5×10
Chlorine concentrations over the

sea
CMAQ assumes yield of 100 ppt Cl2 per
Baltic Sea. HYSPLIT uses Cl2=5 ppt; H

Mercury depletion event (MDE)
in the Arctic

DEHM uses oxidation rate of Hg0=0.25 h
MDE.
point and area sources in European countries. The point
and area sources were attributed to cells of a 50×50 km
spatial grid. However, the Eulerian models have different
horizontal resolution (from 36×36 to 150×150 km).
Thus, the 50×50 km initial emissions field had to be
interpolated to match the resolution for each of these
models. Due to the lack of precise point-source location
information, the Lagrangian models utilized virtual point
sources located in the centre of each grid cell.

Emissions into each grid cell were divided into three
vertical layers:b56 m, 56–136 m, and N136 m.
Emissions heights and proportions of the different
mercury forms for point sources were estimated on a
source-by-source basis as described by Pacyna et al.
(2001). Total 1995 European anthropogenic emissions
in the inventory were 337 t yr−1, and the emission
distribution over the EMEP region for this inventory (all
mercury forms, all emission levels) is presented in
Fig. 1. Overall, for the entire inventory, 61% of the
mercury was emitted in elemental form, 32% as RGM
and 7% as TPM.

Preliminary calculations using the 1995 emission
data showed that the ADOM model significantly
underestimated peak concentrations of GEM measured
at German sites. At the same time, the simulated and
observed mean concentrations were reasonably consis-
tent. These findings suggested that local German
ality simulation by EMEP/MSC-W (the period from 19.06.1996 to
eriod from 23.10.1999 to 14.11.1999 for the second episode); (Iversen
ilable, so the models which utilized these data used 1999 concentrations
tal resolution; average for the boundary layer. CMAQ, GRAHM and
entrations in simulation. ADOM used the fixed sulphur dioxide

uality simulation by EMEP/MSC-W from 19.06.1996 to 07.07.1996 (to
.10.1996 to 14.11.1996 (to be used for the second episode); (Simpson
re not available; 50×50 km horizontal resolution; 5 layers within lower
uded ozone concentrations in simulation. ADOM used the fixed ozone

ourtesy of Dr. Trond Iversen (Iversen et al., 1998); the data are given
vertical levels up to 4 km height; the temporal resolution is 6 h. It is
urope was equal to the minimum value within Europe (at corresponding

−9 M; night-time: 0.
day within 100 m of the marine atmosphere and 5 times lower for the
Cl=0.005ppt. The other models do not consider chlorine.
−1 during polar sunrise in the Arctic. The other models do not consider
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emission sources (which are mainly responsible for
elevated peak concentrations) could be underestimated
by the inventory used. To check this hypothesis it was
decided that for two models (ADOM and MSCE-HM)
an alternative (1990) inventory (UBA: Berdowski et al.,
1997) would also be used, in which emission values
were much higher (463 t yr−1 of direct anthropogenic
emissions in Europe). The ratio of mercury forms in the
anthropogenic emissions was specified at the country
level (Axenfeld et al., 1991). The emission sources were
divided into two height categories — low (0–100 m)
and high (N100 m). A significant feature of this
alternative inventory is the relatively high intensity of
emissions that were estimated to occur at the time in the
eastern part of Germany.

The two participating large-scale models (DEHM,
GRAHM) used the common European 1995 inventory
described above (Pacyna et al., 2001) and supplemental
emissions inventories for the remainder of their
domains. The Danish DEHM model used emissions as
Fig. 1. Mercury anthropogenic emission distribu
described by Christensen et al. (2004). The Canadian
GRAHM model included estimated global natural
emissions and re-emissions and utilized the 1995 global
1°×1° anthropogenic emissions inventory (Pacyna and
Pacyna, 2002).

4. Measurements

Measurements of concentrations of different mercury
species were carried out at two German, two Swedish and
one Irishmonitoring stations. Locations of the stations and
characteristics of surrounding areas are shown in Fig. 1.
The Neuglobsow station is situated in the north-eastern
part of Germany and can be influenced by industrial
emission sources in Central Europe. The Zingst station is
on the shore of theBaltic Seawhere nomajor local sources
are situated. However, the station can also be influenced
by Central European emission sources. Swedish stations
are more remote and can reflect air pollution levels over
relatively clean Scandinavia. The station at Mace Head,
tion and locations of monitoring stations.
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located in the most western part of Europe, can
characterize air composition over the North Atlantic.

In the first measurement campaign (during summer
1995), only GEM concentrations were measured at the
four German and Swedish stations. During the Novem-
ber 1999 second episode, RGM and TPM were
measured all five stations, while GEM was only
Fig. 2. GEM concentrations at Neuglobsow station: measurements and mo
measured at Neuglobsow, Zingst, and Mace Head. A
detailed description of all methods applied for the
sampling and analysis of different atmospheric mercury
species during the field measurement campaigns as well
as the results obtained can be found in Schmolke et al.
(1999), Munthe et al. (2001), Ebinghaus et al. (2002)
and Munthe et al. (2003). The uncertainty in GEM
del results. CC — correlation coefficient; SD — standard deviation.



Table 3
Statistical summary of mean GEM results for two considered episodes, ng m−3

Station Parameter⁎ Obs⁎⁎ CMAQ ADOM ADOM(2)⁎⁎⁎ MSCE-HM MSCE-HM(2)⁎⁎⁎ GRAHM DEHM HYSPLIT EMAP

The first episode from 26.06.1995 to 06.07.1995
Neuglobsow AM 2.10 1.75 1.28 1.59 1.44 1.88 1.91 1.56 1.70 1.55

SD 0.45 0.10 0.08 0.23 0.12 0.55 0.20 0.12 0.35 0.55
CC 0.60 0.08 0.54 0.52 0.55 0.62 0.55 0.60 0.54

Zingst AM 1.82 1.72 1.28 1.54 1.43 1.71 1.91 1.52 1.58 1.31
SD 0.27 0.03 0.08 0.24 0.05 0.26 0.19 0.06 0.09 0.37
CC 0.05 0.04 0.43 −0.06 0.05 0.08 0.04 −0.03 −0.12

Rörvik AM 1.54 1.70 1.29 1.35 1.42 1.77 1.49 1.54 1.11
SD 0.11 0.02 0.10 0.10 0.03 0.15 0.03 0.04 0.11
CC 0.09 −0.01 0.06 0.10 0.34 −0.05 0.25 0.07

Aspvreten AM 1.51 1.69 1.26 1.28 1.44 1.73 1.49 1.53 1.19
SD 0.11 0.03 0.09 0.08 0.03 0.14 0.03 0.03 0.08
CC −0.05 0.17 0.19 −0.48 0.28 0.18 0.23 0.13

The second episode from 01.11.1999 to 15.11.1999
Neuglobsow AM 2.03 2.32 1.20 1.89 2.15 2.09 1.80 1.91 1.35

SD 0.46 0.28 0.43 0.77 0.34 0.29 0.19 0.38 0.56
CC 0.50 0.21 0.48 0.20 0.34 0.56 0.42 0.30

Zingst AM 1.59 2.13 1.07 1.45 2.11 1.93 1.66 1.85 1.17
SD 0.35 0.27 0.22 0.38 0.22 0.25 0.16 0.30 0.36
CC 0.65 0.24 0.69 0.22 0.54 0.68 0.44 0.39

Mace Head AM 1.88 1.73 1.71 1.47 1.60
SD 0.08 0.09 0.12 0.03 0.13
CC −0.66 −0.70 −0.50 −0.66

⁎AM — Arithmetic Mean; SD — Standard Deviation; CC — Correlation Coefficient between measured and modelled values; ⁎⁎Obs — the
observed values; ⁎⁎⁎using alternative (1990) emissions inventory with higher estimates.
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measurement data is less than 10% (Ebinghaus et al.,
1999a). Uncertainty in RGM and TPM measurement
data is believed to be much higher— as much as a factor
of 2 or even greater.

5. Comparison of model results against observations

5.1. Gaseous Elemental Mercury (GEM)

A comparison of modelled and measured concentra-
tions of GEM was performed for all stations. Detailed
results of this comparison are available in a technical
report (Ryaboshapko et al., 2003). Here, we present
summary results for all sites, but due to space limitations,
we primarily discuss detailed results for just one
sampling site — the Neuglobsow station. The GEM
measurements at Neuglobsow for the 1995 episode
showed several peaks (as high as 3–4 ng m−3) which
were significantly higher than the ∼2 ng m−3 back-
ground (Fig. 2). Back-trajectory analysis can explain
only one of these peaks (around July 3). During this
period air masses arrived from industrialized areas of
Germany, Poland, and the Czech Republic with
significant emissions. Most of the models were able to
capture in someway this period of peak concentrations at
Neuglobsow. The two models that utilized the UBA
inventory showed better agreement using that inventory
as input than with the MOE inventory. However, even
using the MOE inventory, several models were also able
to capture the occurrence of these peaks reasonably well.

In contrast, it can be seen that all of the models either
missed completely or significantly underestimated the
first large peak (∼5 AM, June 29) at Neuglobsow, and
two later, smaller peaks, even when the higher-emissions
(UBA inventory) were utilized. Back-trajectory analysis
showed that the airmasses associatedwith thesemeasured
peaks came from theNorthwest (a region that did not have
major emissions in any of the inventories used). It is
possible that these peaks were caused by a local source of
mercury emissions which was missed in the emission
inventory. Another possible cause of this discrepancymay
be connected with meteorological factors. We note that
practically all of those peaks occurred during nighttime or
early morning. Re-emissions or natural emissions (while
likely lower at night due to lower temperatures) might
lead to short-term elevated concentrations in the surface
layer of the atmosphere, which is generally very stable at
night. Since the measurements were just at ground level,
the observed peaks might have been caused by this
phenomenon. After sunrise, the atmosphere generally



Table 4
Statistical summary of RGM results, pg m−3

Station Parameter⁎ Observation CMAQ ADOM MSCE-HM GRAHM DEHM HYSPLIT EMAP

Neuglobsow AM 9.0 32.1 23.6 19.6 36.3 3.5 12.9 8.9
CC 0.91 0.37 0.39 0.85 0.36 0.62 0.92

Rörvik AM 7.4 10.7 1.9 5.7 4.6 0.9 7.8 7.6
CC −0.23 −0.28 −0.48 0.13 −0.32 0.30 0.35

Aspvreten AM 5.4 6.2 1.4 3.6 2.6 0.4 7.1 6.0
CC −0.07 −0.28 −0.43 −0.60 −0.39 −0.04 0.91

Mace Head AM 17.0 – – 2.5 0.2 0.9 13.9 –
CC – – −0.87 −0.57 0.11 −0.58 –

⁎AM — Arithmetic Mean; CC — Correlation Coefficient between measured and modelled values.
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becomes more unstable, and the elevated concentrations
near the surface are dispersed by mixing throughout the
boundary layer.

Some field experiments have demonstrated that
mercury air concentrations can increase 2–3 times
after rain events (e.g. Lindberg et al., 1999; Wall-
schläger et al., 2000). However, this does not appear to
be a possible explanation in this case because
meteorological observations at or nearby this station
did not record rain events during this period.

None of the participating models included detailed,
mechanistic descriptions of natural emission and re-
emission, and most of the participating models com-
pletely omitted this phenomena. This may explain the
discrepancy found in the early peaks at Neuglobsow.
This situation gives more impetus to the challenge of
including natural and re-emissions in the models, and
also suggests that additional measurements at higher
elevations above ground level would be useful to
evaluate and improve atmospheric models. Attempts
have been made to include parameterisation of natural
emission processes into regional model formulations;
however, such approaches require usage of specific
information like mercury concentration in soil water (Xu
et al., 1999; Lin and Tao, 2003).
Table 5
Statistical summary of TPM results, pg m−3

Station Parameter⁎ Observation CMAQ ADOM

Neuglobsow AM 40.2 73.2 31.2
CC 0.94 0.84

Zingst AM 32.8 61.0 18.8
CC 0.81 0.66

Rörvik AM 14.6 45.4 15.3
CC 0.88 0.87

Aspvreten AM 9.5 45.6 11.6
CC 0.69 0.72

Mace Head AM 13.6 – –
CC – –

⁎AM — Arithmetic Mean; CC — Correlation Coefficient between measure
The GEM concentrations measured at Zingst during
the 1995 episode also included several short-term peaks,
primarily at night. The simulations for the Rörvik and
Aspvreten stations were consistent with the GEM
measurements in showing relatively small deviations
from a background concentration of ∼1.5 ng m−3.

Interestingly, analysis of the GEM measurements ob-
tained at the Swedish stations reveals some cases of very
low values (down to 1.1 ng m−3). Such values are lower
than the boundary concentrations or initial concentrations
utilized in any of the models. Back trajectory analysis
showed that these low concentrationswere associatedwith
air masses transported from the Arctic. It is difficult to
explain these low GEM concentrations by the possible
influence of Arctic mercury depletion events, because this
phenomenon typically ceases by the middle of June.
Moreover, comparably low GEM concentrations (1.17 ng
m−3 at Zingst) were observed during the second episode in
November, a time of the year totally untypical for such
enhancedmercury depletion phenomena. If an explanation
for these low concentrations can be found, more accurate
boundary concentrations for mercury modelling in the
EMEP and other domains might be estimated.

A statistical summary of the GEM results is shown in
Table 3 where the values closest to the measurement data
MSCE-HM GRAHM DEHM HYSPLIT EMAP

31.6 61.5 45.3 46.2 32.2
0.72 0.67 0.64 0.92 0.78

34.3 42.5 31.5 38.7 26.0
0.54 0.79 0.82 0.62 0.70

14.1 40.3 19.1 24.8 14.5
−0.10 0.86 0.83 0.79 0.78
10.6 52.0 16.1 18.1 10.4
−0.22 0.59 0.70 0.76 0.53
13.1 14.1 18.1 15.8 –
0.83 0.74 0.79 0.44 –

d and modelled values.



Table 6
Statistical summary for uncertainty assessment

Mercury species Statistical parameter⁎ CMAQ ADOM MSCE GRAHM DEHM HYSPLIT EMAP

GEM Fmax 1.6 2.7 1.8 1.6 1.6 1.5 2.2
CF2 (%) 100 93 100 100 100 100 99
Fmean 1.2 1.4 1.2 1.2 1.2 1.1 1.4

RGM Fmax 7 79 4900 245 41 5 19
CF2 (%) 48 29 19 30 15 59 90
Fmean 2.2 4.9 5.1 5.7 9.1 1.9 1.6

TPM Fmax 38 15 33 18 13 20 16
CF2 (%) 29 73 59 56 78 65 62
Fmean 3.1 1.8 2.3 2.2 1.7 2.0 1.9

⁎See the text.

Fig. 3. Uncertainty factors vs. percentage of the data.
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are highlighted in bold. First, it is encouraging to note that
for the first episode (1995) all modelling results are within
±40%of themean observed values. Second, it can be seen
that all models tend to underestimate the GEM concen-
trations at German stations and to overestimate them at
Swedish stations. Standard deviation (SD) values show
that in practically all cases the observational values vary
more widely than the modelled ones. It means that the
models tend to smooth away short-term variations. The
most pronounced variability of the concentrations (the
highest standard deviation) is characteristic of Neuglob-
sow — the most polluted station. For this station the
models demonstrate rather high correlation with the
observations. It should be noted that usage of higher
anthropogenic emissions (UBA scenario) leads to better
agreements with observations. The observations at Mace
Head are characterized by very low variations (the lowest
SD value). In this case, the models cannot demonstrate
any positive correlation with the observations. Negative
values reflect the fact that during the episode the observed
concentrations decreased very slowly, while the modelled
values rose slowly.

For the second episode (1999), one can see that the
models do not tend to underestimate observations. A
possible explanation for this is that the 1995 emissions
inventory used may have overestimated the emissions
during this 1999 episode, as anthropogenic mercury
emissions were reduced between 1995 and 1999. The
models using MM5-generated meteorological data
(CMAQ, DEHM, and HYSPLIT) demonstrate better
correlation coefficients. However, the correlation coef-
ficients are generally low relative to the first episode.

5.2. Reactive Gaseous Mercury (RGM)

Modelling RGM concentrations represents a more
challenging task, as the understanding of the physico-
chemical properties and atmospheric chemistry of this
mercury form is very limited. Moreover, we know very
little about the actual chemical species comprising RGM
in emissions or in the atmosphere. Parameters for the
estimation of wet and dry deposition for RGM are also
very uncertain. To compound the problem, there is a
significant measurement uncertainty for RGM (Ebin-
ghaus et al., 1999a). Hence, it was not expected that the
models would be able to closely match the observed
concentrations.

Table 4 presents measured and modelled concentra-
tions of RGM as well as correlation coefficients for each
monitoring station. It can be seen that there is a broad
variation in measured and modelled concentrations
among the four stations. For the most polluted station
(Neuglobsow), most models (all except for DEHM and
EMAP) tended to overestimate the concentrations
values. For the two Swedish stations (Rörvik and
Aspvreten), both overestimation and underestimation
took place. The highest discrepancies were found at
Mace Head, where the ratio reached 2 orders of
magnitude. Relatively high RGM concentrations were
measured, but most of the models (except HYSPLIT)
predicted very low RGM concentrations at this remote
Atlantic-coast site. Potential reasons for HYSPLIT's
apparent relative success include (a) reactive chlorine
oxidation processes were included, in contrast to other
models (except CMAQ); (b) dissolved, oxidized
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mercury was conditionally considered to be RGM; and
(c) an assumed background RGM concentration of 5 pg
m−3 was utilized everywhere in the model domain (in
contrast to the boundary conditions assumed in the
Eulerian models).

In spite of the high discrepancy between modelled
and observed mean concentration values at Neuglobsow
and recognition that there were relatively few data for
comparison (6–7 samples), there was an encouraging
correlation between observed and modelled values. At
the same time three of four models demonstrate
significant anti-correlation for Mace Head. Correlation
coefficients for Swedish stations are mostly negative.
These findings are consistent with the general under-
standing that that there are two independent types of
RGM sources in the atmosphere— direct anthropogenic
RGM emissions and in-situ atmospheric formation
(e.g., Munthe et al., 2003). At the Central European
site (Neuglobsow) anthropogenic sources prevail, and
the models were able to simulate their atmospheric fate
and transport reasonably well. However, at other
locations, in-situ RGM formation was likely more
important, and the simulations were less successful.
This phenomenon may be most important near the sea
surface and in the marine boundary layer due to elevated
levels of halogen oxidants. This may explain why the
RGM concentrations in marine air masses at Mace Head
were generally higher than in continental air masses.
The models were not able to capture this occurrence,
resulting in an anti-correlation of observed and
modelled results. The Swedish stations are located in
coastal areas, but are also influenced by direct
anthropogenic RGM emissions. Thus, both types of
sources may be of similar importance at those sites.

5.3. Total Particulate Mercury (TPM)

The simulation of atmospheric particulate mercury is
challenging, but its behaviour is believed to be
somewhat less complex than that of RGM, e.g., insofar
as chemical and phase transformations are concerned.
Summaries of the TPM measurements and simulation
results are given in Table 5. In general, the models were
able to estimate TPM concentrations more accurately
than RGM concentrations. In the case of German
stations (Neuglobsow and Zingst) the mean modelling
results are reasonably close to the measured values. At
the Swedish stations only GRAHM and CMAQ
significantly overestimate the concentrations (up to a
factor of 5). Surprisingly, the four models that simulated
the TPM concentrations at the “background” Mace
Head station found very good agreement between model
estimates and observations. The measurements at Mace
Head station showed that TPM concentrations varied
from ∼0 to 30 pg m−3. A back-trajectory analysis
confirmed that the observed variability is most likely
connected to changes of air mass transport direction.
Higher TPM concentrations were observed and mod-
elled when winds were blowing from the continent.

There were a larger number of TPM measurements
(9–14) than that for RGM. Hence, the estimated
correlation statistics in this case may be more reliable.
All the models demonstrated very high correlations with
the individual observations for German stations. Rea-
sonable agreements with the observations and signifi-
cant correlation suggest that the models are able to
adequately predict regional and long-range transport of
particulate mercury at least at the Central European
scale. High correlations obtained for Mace Head suggest
that TPM concentrations in the atmosphere are affected
by anthropogenic emission sources in Europe.

6. Uncertainty of modelling results

Users of modelling information need to know the
degree of reliability or level of uncertainty of modelling
results. As a way to characterize the ability of the
different models to reproduce the observations, the
Uncertainty Factor (F ), obtained by dividing the greater
value by the smaller one in each “observation–
calculation” pair, is commonly used. If a series of
“observed/modelled” pairs are treated, the maximum
value of the factor (Fmax) serves as a measure of the
maximum inaccuracy of the modelling results, i.e. all
the factors of a given series do not exceed Fmax. The
EMEP/WMO/UNEP workshop on heavy metals atmo-
spheric transport modelling recommended that models
should provide the results within a “factor of 2”, i.e.
annual results of regional-scale models should not be
more than 2 times smaller or greater than corresponding
observational results (Ilyin et al., 2000). In addition to
Fmax, there are two useful statistical characteristics,
which can represent uncertainty of modelling results.
First, the Factor of Two Coverage (CF2) is determined
as the fraction of results, which are within a factor of
two. Second, the Mean Deviation Factor (FGM) is a
measure of scattering of the comparison results, and it is
obtained as a geometric mean value of all “the greater to
the smaller” F ratios in each compared pair.

Results of the above uncertainty assessments for each
mercury form are presented in Table 6. To provide
comparability with the other mercury forms, GEM daily
mean values were used for calculation of the statistical
parameters. The coefficients in the table represent the
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totality of the results obtained for all measurement
stations. The table demonstrates that all the models can
predict daily mean concentrations of GEM within or
very close to the recommended measure of accuracy.
Essentially all individual results are within a factor of 2.
The scattering of the results is also low — only ADOM
and EMAP exhibit an Fmean value higher than 1.2. This
analysis suggests that the models are generally able to
simulate daily mean GEM concentrations to within a
factor of two.

For RGM, it is clear that the models are generally
unable to reproduce individual measurements on a
sample-by-sample basis. Deviation of modelling results
from the measurements can reach 2 orders of magnitude.
However, while the scattering of the results is very high,
the bulk of the modelling results are within a factor of 10
of the measurements. Only in the case of HYSPLIT and
EMAP are more than half of the values within a factor of
two. These results confirm that our knowledge of
RGM's atmospheric behaviour is not sufficient, and
there is a high level of uncertainty associated with the
model estimation of RGM concentrations at any
particular time and place.

For the TPM concentrations the models can generally
reproduce the observed values for individual samples.
Most results of the models (excluding CMAQ) lie
within a factor of 2. The CMAQ model provides a high
correlation with the observations but tends to overesti-
mate the TPM concentrations. Overall, considering the
measurement uncertainty, the performance of the
models in estimating TPM is quite satisfactory. The
statistical parameters discussed above can only qualita-
tively characterize the probability distribution of devia-
tions of modelled results from observations. The
probability curves for GEM, TPM and RGM concentra-
tions for the totality of the participating models are
presented in Fig. 3. These curves were calculated for
mean concentration values during two-week episodes.
Because the bulk of the uncertainty factors are lower
than 5, but the highest values can reach two orders of
magnitude, the ordinate of the figure is presented on a
logarithmic scale.

One can see that the curves (especially for RGM and
TPM) are highly non-linear. The significance of this is
that a small fraction of the data exerts a strong influence
on the overall uncertainty. However, the probability of
obtaining such large deviations is relatively low. The
figure demonstrates that in this evaluation, the models
were able to predict two-week mean concentrations of
GEM with uncertainty on the level of a factor of 1.35.
For TPM concentrations, the probability of obtaining a
result within a factor of 2.5 is more than 90%. Finally,
about 90% of the results for RGM lie within a factor of
10 and 50% lie within a factor of 2. Expressed another
way, and assuming that these results are typical, any user
of the mercury modelling information should under-
stand that (a) the probability of a result for short-term (2-
week) concentrations worse than factor of 2.5 for TPM
and factor of 10 for RGM is about 10% and (b) for
GEM, the current models can generally predict such
short-term concentrations within ±35%.

7. Discussion and conclusions

One should keep in mind that this modelling
experiment had several limitations. First, only anthro-
pogenic emissions were used for the regional models,
and as was discussed above, this may have led to
inconsistencies between modelled and measured mer-
cury concentrations in some cases. For example, some
of the observed peaks at the two Central European
stations may have been due to natural emissions or/and
re-emissions from contaminated soils. The fact that any
potential re-emissions were not included in the models
may have contributed to the tendency of the models to
under-predict the peak concentrations measured at these
sites. However, two models, which considered to a
certain extent contribution of natural emission and re-
emission, do not differ noticeably from the others. This
suggests that in this study, direct anthropogenic
emissions had the largest influence on atmospheric
concentrations of mercury.

It is interesting to note that the reduction of mercury
emissions in Central Europe between 1990 and 1995
may be overestimated since test runs with two of the
models indicate that the simulated peak concentrations
show a better agreement with observations when a 1990
emission inventory is used. Given the extraordinary
challenges in creating an accurate emissions inventory,
the degree of reliability of the anthropogenic emission
data used by all models is believed to be relatively low,
both in terms of the amount and the proportions of
different forms of emitted mercury. Moreover, informa-
tion on any temporal variations in emissions, which can
be important for short-term episodes, was not available
for any of the sources in the inventory. The fact that
models were able to reproduce some GEM peaks but not
others may have been at least partially caused by such
limitations in the emission inventory data. Uncertainty
of the emission values can exceed 50% for individual
grid cells. Finally, we note that the emissions inventory
was specified on a 50×50 km grid. Thus, the impact of
any sources within ∼100–200 km of the measurement
sites is unlikely to have been simulated properly.
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The models themselves had many limitations.
Uncertainties in the atmospheric chemistry of mercury
are acknowledged to be significant. GEM concentra-
tions are generally 1–2 orders of magnitude greater than
RGM concentrations. Thus, small errors – relative to the
TGM concentration – in estimating transformation rates
between elemental and divalent mercury could lead to
large errors in estimates of RGM concentrations. Thus,
it is perhaps not surprising that the largest discrepancies
between modelled and measured concentrations were
found for RGM. Particulate mercury is not believed to
be a particularly active agent in atmospheric chemical
transformation phenomena. This may in part explain the
relative success of the models in simulating TPM.

A model's spatial resolution can be an important
factor in its ability to accurately simulate short-term
concentration variability, particularly in regions of
intense local emissions. The participating models had
resolutions on the order of 50 km or greater, and this
relatively coarse resolution may have led to some of the
observed discrepancies.

Concentration values of gaseous elemental mercury
at the inflow boundaries seem to be of importance for
the participating regional scale models. There is
evidence now from long-term measurements at the
Irish station that average Hg0 concentrations are higher
than the boundary concentrations used with the models.
In addition, the long-term measurements also show a
certain seasonal variability — not accounted for in this
exercise, which may have an effect on concentrations in
the model domain particularly at locations relatively far
from major anthropogenic sources.

Model simulations of reactive gaseous mercury
(RGM) have confirmed that our knowledge about atmos-
pheric physico-chemical processes of this mercury form is
still incomplete. For example, the models tended to sig-
nificantly underestimate RGM concentrations observed at
the Irish west coast, perhaps suggesting that RGM
formation in the marine atmosphere is more significant
than that represented in the participating models.

Atmospheric models synthesize and test our current
understanding. Regardless of outcome, it is therefore
instructive to evaluate the performance of models in
their ability to simulate real-world behaviour. The
results of the study provide a quantitative example of
the extent of discrepancy/agreement between measured
and modelled values obtained for short-term episodes.
However, it is clear that much remains to be learned
about the complex atmospheric behaviour of mercury.

The comparison of the models between each other has
demonstrated that they can produce similar results in spite
of very different treatments of air mass transport and
differences in the description of mercury atmospheric
chemistry. The comparison of the modelling results with
measured concentrations of three mercury forms revealed
that current models of long-range transport and deposition
can qualitatively – but generally not quantitatively –
predict sharp variations of gaseous mercury on daily time
scales. Uncertainty of GEM results can be characterized
by a factor of 1.5 for daily mean concentration values and
by a factor of 1.35 for two-week episodes. Themodels can
simulate temporal variations of particulate mercury
concentrations on a sample-by-sample basis with accept-
able accuracy (about 90% of the results were within a
factor of 2). Uncertainties in the current understanding of
RGM's formation and behaviour in the atmosphere
significantly limit the ability of models to quantitatively
assess the atmospheric transport and deposition of this
mercury form. In this study, deviations of the model
results from measurements for RGM were very large, on
the order of a factor of 10.
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