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Abstract. A new 3-D mercury model has been developed tic stations, including the Canadian monitoring station Alert.
within the Danish Arctic Monitoring and Assessment Pro- This depletion is quite strong as can be seen in Figs. 6-8.
gramme (AMAP). The model is based on the Danish Eule-The period where the depletion is present corresponds to the
rian Hemispheric Model, which in the original version has period of the Polar Sunrise, and it has therefore been sug-
been used to study the transport onS(SOfl‘ and Pbinto  gested that there must be a connection. A strong depletion
the Arctic. It was developed for sulphur in 1990 and in is seen during the springtime, corresponding to the period of
1999 also lead was included. For the current study a chemthe Polar Sunrise (see also Schroeder et al., 1998; Lu et al.,
ical scheme for mercury has been included and the model i2001).

now applied to the mercury transport problem. Some experi- The Danish Eulerian Hemispheric Model (DEHM) is a
ments with the formulation of the mercury chemistry during well documented and well performing 3-dimensional trans-
the Polar Sunrise are carried out in order to investigate thgport model, which have been validated on several other
observed depletion. Some of the main conclusions of thespecies than mercury (see e.g. Barrie et al., 2001, and Chris-
work described in this paper are that atmospheric transportensen, 1997). In the original version the model has been
of mercury is a very important pathway into the Arctic and used to study the transport of E_S,GSO?[ and Pb into the
that mercury depletion in the Arctic troposphere during theArctic (see Christensen, 1997 and 1999). The simplified sul-
Polar Sunrise contributes considerably to the deposition ofphur model system has been used in the first phase of the
mercury in the Arctic. AMAP program (see Emari et al., 1998). The results with
the Pb version were presented at the AMAP workshop on
Techniques and Associated Uncertainties in Quantifying the
Origin and Long-Range Transport of Toxic Chemicals to the
Arctic, Bergen, Norway 14-16 June 1999 (see Christensen,
) ) 1999). Furthermore, a photochemical version including 60
Mercury is a chgm|cal component ',[hat has severe effects 0Epecies and more than 110 chemical reactions has been de-
humans and animals. It builds up in the food chain and theveloped and validated (see Frohn et al., 2003). Also a CO
predators at the _top qf the _fOOd chain can accumulate rathe\9ersion have been developed (Geels et al., 2004). For the cur-
large concentrat!ons in their system. In the Arctic area very oo study a chemical scheme for mercury has been included,
large concentrations of mercury have been measured in €.%nd the model is now applied to the mercury transport prob-

humans and pqlar bears. ”Therﬁfore the' monf|tor|ng of nf]eﬁem. Some experiments with the formulation of the mercury
cury congentratlons as well as the mapping of Sources o at(':hemistry during the Polar Sunrise are carried out in order to
mospheric mercury have become very important. In Orderinvestigate the observed depletion

to quantify the transport and deposition of mercury to the
Arctic it is crucial to know the rate with which the mercury

is transported from the air to the ground, i.e. the deposition
rate. During the Arctic springtime a depletion in mercury
concentrations in the air have been observed at several Arc-

1 Introduction
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Fig. 1. Overview of the DEHM model system. Both the MM5
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The MM5 model produces the final meteorological in-
put for the DEHM model. Global meteorological data,
used as input to the MM5 mesoscale modelling system,
are obtained from the European Centre for Medium-range
Weather Forecasts (ECMWF) on a 2&8.5 grid with a
time resolution of 12 hours. The MM5 modelling system
includes two-way nesting capabilities, and it is therefore
possible to perform meteorological model calculations over
e.g. the Arctic Ocean or Greenland with higher resolution
(150 km—50 km—16.67 km) with a nesting factor of e.g. 3.
Nearly 25 years of meteorological data from 1979 to 2003
are available and prepared for the system.

The hydrostatic version of the MM5 model is applied with
the following choices of physical parameterisations:

Mixed Phase (Reisner) explicit moisture scheme

— Betts-Miller cumulus scheme

model and the DEHM model has nesting capabilities, and the MM5

model is initialised with data from ECMWEF.

gas phase mercury o
'y
He” |ps. | HgO HgCl, Hg(part)
A A 4
aqueous phase mercury
dissolved o
mercury H' > Hgo
2 2+ cl
Hg(SOs), Ho HgCl,
HgOHCI
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agueous v v v | 5
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Fig. 2. The GKSS chemical scheme used in the mercury model

MRF boundary layer scheme with a 5 layer soil model

Cloud-radiation scheme (Dudhia Scheme)

There are 9%97 horizontal grid points for the mother do-
main and 108100 grid points for the nested domain. The
resolution in the mother domain is 150 km and 50 km in the
nested domain. There are 20 vertical layers with variable res-
olution in the model.

The DEHM model is based on a set of coupled full three-
dimensional advection-diffusion equations.

The horizontal mother domain of the DEHM model is de-
fined on a regular 9696 grid that covers most of the North-
ern Hemisphere with a grid resolution of 150 krih50 km at
60° N. The nested domain for Europe is also defined on a
regular 96x96 grid with a grid resolution of 50 kB0 km at
60° N. The nested grid is a sub grid of the EMEP grid (see
the web site of the Co-operative Programme for Monitoring
and Evaluation of the Long-Range Transmission of Air Pol-
lutants in Europe (EMEP) for details concerning the EMEP
grid: http://www.emep.int/grid/griddescr.htinIThe vertical
discretisation is defined on an irregular grid with 20 layers
up tor~15km.

The vertical diffusion is parameterised using aptofile

(from Petersen et al., 1998). The red arrow shows the additionafOF the surface layer based on the Monin-Obukhov similarity

fast oxidation rate of Hyto HgO during Polar Sunrise (PS).

2 Description of the DEHM model system

theory. This K profile is then extended to the whole bound-
ary layer using a simple extrapolation procedure (see Chris-
tensen, 1997).

The advection is solved numerically using an Accurate
Space Derivatives scheme with non-periodic boundary con-

The system consists of two parts: a meteorological part basegitions (Frohn et al., 2002) for the horizontal advection and
on the PSU/NCAR Mesoscale Model version 5 (MM5) mod- 4 finjte elements scheme for the vertical advection. The dif-
elling system (see Grell et al., 1995) and an air pollution fsjon is solved using the finite elements scheme. For fur-
model part, the DEHM model, see Fig. 1. ther details on the numerical implementation see Christensen
(1997) and Christensen (1993) as well as Frohn et al. (2002).

Atmos. Chem. Phys., 4, 2252257, 2004 www.atmos-chem-phys.org/acp/4/2251/
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concentration for 1999 to 2000 of Hg° concentration for 1999 to 2000 of Hg°
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Fig. 3. The concentration of I—join ng Hg/rr?’; without the fast oxidation rate causing Arctic mercury depletion (left) and with the fast
oxidation rate (right).

3 The mercury version of DEHM for a sun angle at0to a maximum rate at 1/41, when the
sun angle is higher than 20The fast oxidation stops, when
In the present mercury version of DEHM there are 13 mer-the surface temperature exceed$C (based on experience
cury species, 3 in gas-phase (HgHgO and HgQl), 9 from Pt. Barrow, Steve Brooks, pers. comm.). Information
species in the aqueous phase and 1 in particulate phase. about sea-ice is obtained from the NCEP re-analysis, and this
The emissions of anthropogenic mercury are based orinformation is also used as input to the MM5 model system.
the new global inventory of mercury emissions for 1995 The value of the maximum rate at 1/2*is based on model
on a Px1° grid (Pacyna and Pacyna, 2002). This inven- studies.
tory includes emissions of Hg reactive gaseous mercury  The dry deposition velocities of the reactive gaseous mer-
(RGM=the sum of HgGland HgO) and particulate mercury. cury species are based on the resistance method, where a
There are no re-emissions from land and oceans. However, surface resistance similar to the surface resistance fortHNO
HgP background concentration of 1.5 ngfiis used as initial  obtained from the photochemical version of DEHM is used.
and boundary conditions. The dry deposition velocity for particulate Hg is similar to
The chemistry is based on the scheme obtained from théhe deposition velocity for sulfate (see Christensen, 1997).
GKSS model, see Fig. 2 and Petersen et al. (1998). Thdhe wet deposition of reactive gaseous as well as particulate
mercury chemistry is depending on the concentrationsspf O mercury is parameterized using a simple scavenging coeffi-
SO, CI~ and soot. Constant values of Cand soot concen- cients formulation with different in-cloud and below-cloud
trations are used, while £and SGQ concentrations are ob- scavenging coefficients (see Christensen, 1997). The wet re-
tained from the photochemical version of DEHM. During the moval rates for all aqueous species are similar to the rates for
Polar Sunrise in the Arctic an additional fast oxidation rate sulfate.
of Hg® to HgO is assumed in order to simulate the strong de-
pletion: Inside the boundary layer over sea ice during sunny
conditions it is assumed that there is an additional oxidation
rate, which is added to the oxidation rate of elemental mer-
cury due to the oxidation by ozone. This fast oxidation rate is
depending on the sun angle ranging from no additional rate

www.atmos-chem-phys.org/acp/4/2251/ Atmos. Chem. Phys., 4, 22572004
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concentration for 1999 to 2000 of Hg(II) concentration for 1999 to 2000 of Hg(II)
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Fig. 4. The concentration of RGM (=Hg(ll)) in pg HgAnwithout the fast oxidation rate causing Arctic mercury depletion (left) and with
the fast oxidation rate (right).

Total deposition for 1999 to 2000 of Hg

Above 1.50
125 - 1.50
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units: g Hg/m?®/month units: g Hg/m?/month

Total Arctic deposition is 89 tonnes Hg/year Total Arctic deposition is 208 tonnes Hg/year

HEOOCEN
HEOOCEN

Fig. 5. The total deposition of mercury jng Hg/mé/month; without the fast oxidation rate causing Arctic mercury depletion (left) and with
the fast oxidation rate (right).
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Station Nord, Greenland Alert, Canada

Fig. 6. Station Nord: Top panel shows a comparison of observedFig. 7. Alert, Canada: Top panel shows a comparison of observed
(blue curve) and calculated daily mean concentrations Of\ith (blue curve) and calculated daily mean concentrations Sfwith

two model versions; one without depletion (red) and one with de-two model versions; one without depletion (red) and one with de-

pletion (black). Middle panel shows the calculated total particulatepletion (black). Middle panel shows the calculated total particulate

mercury and the bottom panel shows the calculated total reactivenercury and the bottom panel shows the calculated total reactive
gaseous mercury. gaseous mercury.

4 Results shown in Fig. 5. This example shows the importance of the

Arctic mercury depletion for the total deposition of mercury
The mercury version of the DEHM model has been run forin the Arctic area. The total deposition increases across the
the mother domain for the period from October 1998 to De-entire Arctic area as well as surrounding areas. According to
cember 2000. The mean concentration of ity two differ- the model runs performed in this study the total deposition of
ent runs, one without the fast oxidation rate causing Arcticmercury increases from 89 to 208 tons pr. year for the area
mercury depletion and one with the fast oxidation rate arenorth of the Polar Circle due to the depletion.

shown in Fig. 3. The highest levels of Figre obtained in For the Arctic areas the model results have been com-
Asia, while the concentrations for Europe and North Americapared to measurements from Station Nord in North Eastern
is only slightly above the background level of 1.5ngH8/m  Greeniand for the years 1999-2001, Alert in Canada for the
The depletion phenomena have large influence on the Measar 1999 and Barrow in Alaska for the year 2000. The
concentrations in the Arctic and only minor influence outside g its show that there is quite good general agreement be-
the Arctic. tween calculated and observed concentrations of elemental
The mean concentrations of Reactive Gaseous Mercurynercury (Hg) for all three places (Figs. 6-8). Calculated
(RGM) are shown in Fig. 4 for the two different runs. For concentrations of RGM as well as particulate mercury are
the run without depletion the highest levels are over emis-a|so shown on the figures, and it can be seen that the levels of
sion areas in North America, Europe and Asia. For the modethese species increase considerably during the depletion pe-
run with depletion, high concentrations of RGM are seen inrjod. Measured concentrations of RGM at Barrow are shown
the whole Arctic, especially over Hudson Bay and the neargn Fig_ 8, and there again quite good genera| agreement is
coastal areas over the Arctic Ocean. seen between the measured and calculated concentrations of
The dry deposition velocity of RGM is very high and RGM. An exception is the period from the middle of May
therefore the very high concentrations of RGM result into June, where the calculated concentrations of RGM are
a dramatically increased deposition of mercury, which isnearly zero, while the measured concentrations are high. The

www.atmos-chem-phys.org/acp/4/2251/ Atmos. Chem. Phys., 4, 22572004
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make the first quantitative estimate of the importance of the
mercury depletion in the Arctic troposphere during the Polar
Sunrise for the deposition of mercury in the Arctic. The re-

P T sults from the model shows, that the total deposition of mer-
cury increases with more than a factor 2 from 89 tonnes to
208 tonnes pr year for the area north of the Polar Circle.

N | FEs | wam | APR | MAY | WN | WL | AUG | sep | ooT | mov | bEo Plans for the future work is:

Hg® in ng Hg/m®

— Continue the work with the parameterization of back-
ground chemistry, coupling with aqueous chemistry and
other oxidation pathways of Hg

Q
8
I

Part. Hg in pg Hg/m®
8
L

— Improve the parameterization of Arctic chemistry, cou-
pling with GOME measurements of BrO (see Richter et
g al., 1998), coupling with measurements of mercury in
the Arctic in order to understand the spatial and tempo-
ral distribution of the depletion.

8
I

500-]

400

— Coupling of mercury chemistry with a soot model.

RGM in pg Hg/m*
g
1

200

— Re-emissions from oceans, sea-ice and landsurfaces.

100

— Further validation of the model system.
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