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Modelling marine mercury cycling in the North- and Baltic Sea region
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model is in very good agreement with observations (Table 3). Moreover, the model is now able to reproduce
several peaks observed at Zinst (Fig. 6). At Ra only a small number of GEM peaks is observed, which might
be rather due to the low resolution of the observations as because of their absence. At Waldhof ( 4%) and
Neuglobsow (' 2%), the air-sea exchange has a smaller, albeit positive,e ect on modelled GEM concentrations.
Also at these stations the implementation of emissions from the Baltic Sea leads to a better reproduction of
some peaks during summer and autumn observed at these stations. A comparison of CMAQ-MECOSMO
results for 2000 and 2005 show similar e ects on atmospheric GEM concentrations in both years on average
decreasing the model bias by 33%.

4. Results and discussion

4.1 Air-sea exchange in the Baltic Sea

Fig. 7 depicts seasonally averaged DEM concentrations in the model surface layer. On average, the highest
concentrations occur in summer and autumn with the largest DEM peaks found during spring.  ese peaks
are directly linked to biological activity leading to increased reduction of oxidized mercury. e lowest DEM
concentrations in the Belt, Arkona, and Bornholm Sea are found in winter. For the northern Gotland Sea
and the Bothnian Sea lowest DEM concentrations occur during spring. is is due to the low biological
activity during winter (and early spring in the northern part of the Baltic Sea) and due to winter mixing,
which increases the surface mixed layer depth from roughly 10m to 20m in summer to around 100m in winter
(e.g. Janssen et al., 1999). In shallow waters the amount of particulate matter is higher in winter compared
to o shore waters because of near coastal resuspension induced by high wind speeds in winter.  is leads to
a larger fraction of mercury bound to particles, which is not available for reduction.

e highest DEM concentrations throughout the year are found near estuaries, especially, in the Gulf of
Finland, the Bothnian Sea, and the Bay of Bothnia.  ese DEM peaks are due to the riverine in ow of mercury
in these areas. Increased total mercury concentrations lead to increased DEM concentrations. Recently, Schartup
et al. (2015) suggested that Hg bound to terrestrial DOM has a lower reactivity than Hg bound to marine
DOM which means that the amount of reducible Hg" in these areas could be overestimated in the model.
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Figure 6

Comparison of observed and
modelled atmospheric GEM
concentrations.

Gaseous  elemental — mercury
concentration at DEQ9 Zingst
for the year 2000 (top) and 2005
(bottom) with (blue line) and
without (green line) coupling to
the ocean model. Statistics for
this and other stations are given
in Table 3.
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Modelling marine mercury cycling in the North- and Baltic Sea region

e model indicates that there is an annual minimum in the north-eastern Gotland Basin and the Bothnian
Sea. Here, average DEM concentrations as low as 2 pg/I are calculated by the model. In the Bothnian Bay
the fraction of DEM compared to the total mercury concentration is higher than in the rest of the Baltic
Sea, because of the higher reduction potential caused by the very low salinity (0-2 PSU at the northern most
part of the Baltic Sea).

e variability of the air-sea exchange (Fig. 5 and 8) is mainly determined by the variability of DEM
surface concentrations. GEM concentrations in the atmosphere vary between 1.2 and 2.0 ng/mi.  isequals
a variability of 50% around the atmospheric average of 1.5 ng/mi. In comparison, DEM shows a much larger
variability on the seasonal scale (Fig. 7). However, the higher GEM concentrations in winter, which are caused
by higher emissions and a lower planetary boundary layer, intensify the seasonal cycle of the air-sea exchange
dominated by DEM. At typical winter temperatures DEM concentrations above 8 pg/l are needed for a
Hg ux into the atmosphere. Because of the dependency on the Henry s Law constant and the di usivity
of gaseous mercury in the water, during summer only around 6 pg/l are needed for an e ective Hg ux into
the atmosphere.  ese values are estimated based on average values for atmospheric GEM concentrations,
temperature, and the Henry s Law constant (Eq. 4-1) for winter and summer.

Table 4 gives seasonal DEM uxes averaged over a 14 year period from 1994 to 2007. In the model, the
central Baltic can become a sink for mercury during spring and in the northern part of the Gotland Sea
and in the Bothnian Sea also during winter. e uxes into the atmosphere are larger in the coastal regions
following the DEM concentration gradients depicted in Fig. 7. We calculated the total mercury ux from
the Baltic Sea, ignoring 10 river in ow grid cells which have very high DEM concentrations in the model.
Observations at the Swedish coast by Garfeldt et al. (2001) indicate that DEM concentrations in rivers are
more than 10 times higher than in the open ocean. In the model, river in ow grid cells have up to 10-20
times (100 300 pg/1) higher concentrations compared to the open ocean grid cells (5 30 pg/l).

e calculated average annual mercury evasion from the entire Baltic Sea is 3700 200 kg/a (winter 500 70
kg/a, spring 400 120 kg/a, summer 1300 80 kg/a, autumn 1500 100 kg/a). e inter-annual variability is
15% (3450 kg/a to 4000 kg/a). e air-sea exchange is dominated by the Gotland Sea (27%), the Bay of
Bothnia (22%), and the Bothnian Sea (14%) which is responsible for 63% of the total mercury evasion in the
Baltic Sea (Table 5). e North and East Gotland Sea as well as the Bothnian Sea are the only regions with
aseasonal net in ux into the ocean which occurs during spring time. e modelled average mercury ux for
di erentregions of the Baltic Sea is given in Table 5. Kuss and Schneider (2007) estimated the annual mercury
evasion from the central Baltic (235000 km?) for 2006 to be in the range of 2700 kg/a 5900 kg/a. For this
region, which excludes the Gulfs of Bothnia, Finland, and Riga the model calculates a ux of 2100 kg/a for
2006. In order to calculate the net Hg budget we also take into account wet deposition (3300 - 3500 kg/a)
modelled with CMAQ and the annual riverine Hg in ow of 1100 kg/a (HELCOM, 2007,2011). s leads
to an accumulation of Hg in the Baltic Sea in the range of 500-1000 kg/a. However, for a reliable estimation
of the Baltic Hg budget more information on the riverine in ow is needed. e previous HELCOM report
(2007) estimated the total riverine Hg in ow to be 6400 kg/a. A model run based on these river loads doubled
the annual Hg evasion from the Baltic Sea (7450 500 kg/a).
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Figure 7

Modelled surface Hg°
concentrations in the Baltic Sea.

Seasonally averaged dissolved
elemental  mercury (DEM)
concentration in model surface
layer (5m depth) for 1998. From
left to right: winter (Dec-Feb),
spring (Mar-May), summer (Jun-
Aug), autumn (Sep-Nov).
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Figure 8

Modelled air-sea exchange of
HgP in the Baltic Sea.

Seasonally averaged daily air-sea

ux for the Baltic Sea in 1998
(negative values indicate a ux
into the atmosphere). From left
to right: winter, spring, summer,
autumn.
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