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Abstract. The ecological status of the Baltic Sea has for 1 Introduction
many years been affected by the high input of both water-
borne and airborne nutrients. The focus here is on the airThe atmosphere is an important pathway for transport of nu-
borne input of nitrogen (N) and the projected changes in thisrients to the marine areas (see Krishnamurthy et al. (2010)
input, assuming the new National Emission Ceilings direc-and references therein) as well as for inner waters like e.g. the
tive (NEC-Il), currently under negotiation in the EU, is ful- Kattegat Sea (Spokes et al., 2006) and the Baltic Sea (HEL-
filled towards the year 2020. With a set of scenario sim-COM, 2005). For the Baltic Sea, about 25 % of the total reac-
ulations, the Danish Eulerian Hemispheric Model (DEHM) tive nitrogen load is deposited directly from the atmosphere
has been used to estimate the development in nitrogen dgHELCOM, 2005). The Baltic Sea is an enclosed sea area
position based on present day meteorology combined witiwhere the total input of nutrients including nitrogen has been
present day (2007) or future (2020) anthropogenic emis+igh for many years and most parts of the Baltic Sea are af-
sions. Applying a so-called tagging method in the DEHM fected by this nutrient enrichment and the related eutrophica-
model, the contribution from ship traffic and from each of tion problems (Andersen etal., 2011). In order to re-establish
the nine countries with coastlines to the Baltic Sea has beegood ecological status of the Baltic marine environment, the
assessed. The annual deposition to the Baltic Sea is esttountries around the Baltic Sea have adopted the HELCOM
mated to 203 ktonnes N for the present day scenario (2007Baltic Sea Action Plan (BSAP) (sestp://www.helcom.fi/
and 165ktonnes N in the 2020 scenario, giving a projected3SAP/ActionPlan/erGB/ActionPlan). HELCOM has set
reduction of 38 ktonnes N in the annual load in 2020. Thisup a set of objectives associated with good ecological sta-
equals a decline in nitrogen deposition of 19%. The resultsus: concentrations of nutrients close to natural levels; clear
from 20 model runs using the tagging method show that ofwater; natural levels of algal blooms; natural distribution and
the total nitrogen deposition in 2007, 52 % came from emis-occurrence of plants and animals; and natural oxygen lev-
sions within the bordering countries. By 2020, this is pro- els (Andersen et al., 2011). The countries in the Baltic Sea
jected to decrease to 48 %. For some countries the projecteghtchment area have agreed to take actions no later than 2016
decrease in nitrogen deposition arising from the implemen+o reduce the nutrient load from waterborne and airborne in-
tation of the NEC-II directive will contribute significantly to puts. The aim is a good ecological status of the Baltic Sea
compliance with the reductions agreed on in the provisionalin 2021 by following agreed country-wise reductions. An
reduction targets of the Baltic Sea Action Plan. This under-overview map of the region is seen in Fig. 1.
!ines the importance of inclu_ding proje_ctions like the current Atmospheric emissions of nitrogen compounds from Eu-
in future updates of the Baltic Sea Action Plan. ropean countries are regulated through the UNECE Con-
vention for Long-Range Transboundary Air Pollutidritp:
/lwww.unece.orfjand through emission ceilings agreements
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Fig. 1. Overview map of the Baltic Sea and the surrounding countries.

in the European Union (e.g. the National Emission Ceil- spheric concentrations has been discussed (Chaparro-Suarez
ings directive (NEC-I and IlI) and The Clean Air for Europe et al., 2011; Lerdau et al., 2000). The main removal path
(CAFE) programme). Anthropogenic activities like agricul- of NOy is the conversion of N@to nitric acid (HNG) that
ture, traffic and energy production lead to emissions of nitro-takes place at approximately 5 % per hour, givingNQife-
gen oxides (N®) and ammonia (Nk) into the atmosphere time of about 24 hours in the atmosphere. HN&ick to
(Bouwman et al., 1997). Within the atmosphere these ni-any surface and may therefore either deposit or be converted
trogen compounds are transported and/or chemically transto aerosol phase nitrate (NQ. Nitrate containing aerosols
formed before they are removed again by dry or wet depo-have a long lifetime in the atmosphere — up to 7 to 10 days
sition. The residence time in the atmosphere differs amongvhen the air mass does not meet a rain event (Hov et al.,
the different nitrogen components and also depends on th&994; Hov and Hijollo, 1994). Nkiplays a significant role
availability of other chemical substances in the atmospherén eutrophication of ecosystems (Sutton et al., 2009) and has
(Seinfeld and Pandis, 2006). a relatively high dry deposition velocity to both dry and wet
NOy are emitted as nitrogen monoxide (NO) and nitrogensurfaces. The deposition of atmospherici\Hay therefore
dioxide (NO») from combustion processes related to energytotally dominate the overall load of reactive nitrogen from
production, industry and traffic and constitute in total aboutthe atmosphere (Hertel et al., 2006). A also efficiently
60 % of the reactive nitrogen compounds emitted to the atJncorporated into acidic aerosols, forming secondary atmo-
mosphere (Hertel et al., 2006). Over land N@eposit to ~ SPheric components containing ammonium (NH Com-
vegetation, but this removal is relatively small (Hertel et al., Ponents like ammonium bisulphate (WHSC,), ammonium
2006). Also, the possibility of foliage emissions at low atmo- Sulphate (NH)2S0, and ammonium nitrate (NH#NOs) are
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quickly incorporated into aerosols (Hertel et al., 2006; Skjgth2 Methodology
et al., 2004). The main removal path from the atmosphere
of the nitrogen containing aerosols is through wet deposi-A general description of the applied CTM is given in the
tion (Karthikeyan et al., 2009). High NHemissions are following. We have validated a 20-yr simulation of the
found in or near the Baltic Sea catchment area due to intenmodel with focus on the nitrogen deposition. As described
sive agricultural activities in Central and Northern Europein Sect. 2.2, the results of the validation indicate that the
(see the emissions reported to the European Monitoring anthodel reproduces measured nitrogen deposition reasonably
Evaluation Programme (EMEP)ttp://www.emep.in). As  well. We can therefore apply the model for scenario stud-
such, NQ and NH; or the reaction products can either be ies with good confidence. Thereafter we describe the set of
deposited near the emission source or be transported up t&cenario simulations we have performed to investigate the
more than 1000 km before wet deposition takes place (Herchanges in nitrogen deposition if the NEC-II directive for
tel et al., 2006; Hov et al., 1994). All in all, this means that 2020 is adopted as well as the meteorological data and emis-
a comprehensive budget of atmospheric nitrogen depositionsions applied for these scenario simulations.
to the Baltic Sea must include at least the following four com-
ponents: (1) a very large geographical area, (2) high quality2.1 The applied model system
emission inventories including future projections, (3) chemi-
cal transformation, and (4) removal processes. The Danish Eulerian Hemispheric Model (DEHM) is a state-
Projected budgets of nitrogen depositions are most effi-Of-the-art off-line CTM covering the Northern Hemisphere
ciently studied using state-of-the-art atmospheric chemistryusing a polar stereographic projection with a resolution of
transport models (CTM). Previous CTM studies have mainly150 kmx 150 km, true at 60N (Brandt et al., 2012; Chris-
focused on specific years, previous trends as well as metedensen, 1997). A two-way nesting capability allows for a
rological and climatological factors influencing the nitrogen higher resolution over targeted regions (Frohn et al., 2002)
deposition to the Baltic Sea (Bartnicki et al., 2011; Hertel etlike, for example, Europe (resolution of 50 kxb0 km),
al., 2003; Hongisto and Joffre, 2005; Langner et al., 2009),which is applied in the current study. For other applica-
while future emission scenarios have not been included, altions, higher resolution is used over Northern Europe (res-
though initiatives such as the Baltic Sea Action Plan will ben-olution of 16.7 kmx 16.7 km) and Denmark (resolution of
efit from such knowledge. 5.6 kmx 5.6 km). In the vertical the DEHM model follows
The aim of this study is to investigate the changes in nitro-the resolution of the applied meteorological fields (see be-
gen deposition if the new National Emission Ceilings (NEC- low). The vertical grid is defined using the-coordinate
1) directive for 2020 is adopted. We use the results from system, with 29 vertical layers extending up to a height of
the Danish Eulerian Hemispheric Model (DEHM) to assess100 hPa. Highest resolution is defined closest to the ground,
changes in nitrogen deposition to the Baltic Sea, compar€.g. in order to have a good description of vertical dispersion
ing the present-day (2007) deposition estimate with that forclose to source areas. The lowest model layer is approxi-
2020. A series of model simulations have been conductednately 25 m thick.
to calculate total deposition, but also to assess the contribu- The model describes concentration fields of 58 chemical
tion from each of the nine countries surrounding the Balticcompounds and 9 classes of particulate matterf®Whass
Sea as well as from ship traffic. Focus is on the total an-of particles with a diameter less than 2.5 um), fgNinass
nual nitrogen deposition to the Baltic Sea, future changes du@f particles with a diameter less than 10 pm), total suspended
to changed atmospheric emissions and the contribution fronparticulate matter (TSP), sea-sal2.5 um, fresh black car-
the surrounding countries. These projections can be combon, aged black carbon, and organic carbon) and includes
pared to the country-wise reduction requirements included irin total 122 chemical reactions. Primary emitted pollutants
the HELCOM Baltic Sea Action Plan. The calculated nitro- are NHs, NO, sulphur dioxide (S@), carbon monoxide
gen depositions are estimated for the main basins and sudCO), methane (Cl, volatile organic compounds (VOC),
basins in the Baltic Sea to assess the spatial differences iRM25, PMig and TSP. The applied emission inventories are
the resulting deposition changes. These results are includedescribed in Sect. 2.3.2.
in the Supplement and will be further analysed in a following Wet deposition includes in-cloud and below-cloud scav-
paper (Frohn et al., 2012). enging and is calculated as the product of scavenging coeffi-
cients and the concentration.

In DEHM, gaseous and aerosol dry deposition velocities
are calculated based on the commonly applied resistance
method, including the aerodynamic resistance, the laminar
boundary layer resistance and the surface (or canopy) resis-
tance. The applied procedure is similar to the one applied
in the EMEP model (see Simpson et al., 2003; Emberson et
al., 2000) and consider different land-use types. The land
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use information for Denmark is taken from the AlS databaseto the concentrations related to the specific source (the tag)
(Area Information System) and for the rest of the world it is and the contribution to the concentrations evolving from all
based on the Olson World Ecosystem Classes v1.4D (Olsorgther sources (the background) are calculated separately, but
1992). simultaneously in the same model run. For all the linear pro-

For deposition of gases to vegetative surfaces, the surfacéesses in the model (emissions, advection, diffusion, and wet
conductance (the reciprocal of the resistance) is composed@nd dry deposition), this procedure is straightforward. The
of two parts; the stomatal conductance and the non-stomatdioncentration fields evolving from the tagged emissions and
conductance. They are calculated based on, e.g. radiatio@! other emissions are calculated separately and they can be
temperature and vapour pressure deficit, all obtained fromsummed to form the total concentration fields from all emis-
the meteorological model (for further detail see Simpson etsions. For the non-linear process, chemistry, the two fields
al., 2003). In the case of dry deposition of gases on wa-cannot just be added. When performing a time-step in the
ter surfaces, the deposition depends on the solubility of thechemistry module, the tagged concentration fields are esti-
chemical specie and the wind speed (Hertel et al., 1995). mated by first adding the background and tag concentration

For the particles, dry deposition velocities are calculatedfi€!ds: then applying the non-linear operator (the chemistry).
assuming a particle diameter of 1 um for most of them (ex-The concentration field obtained by applying the non-linear

cept for a coarse fraction of NDand sea salt). A density of operator to the background field alone is then subtracted, and
1800 kg nT2 is used for all particles. For particles the sur- the result is the change in concentrations due to chemical re-

face resistance is assumed to be zero and a gravitational sefet‘r—g trlr?rt]r?efrsrgctirf]ii :earg%i?or?rgésusrlc?gs(ih;?:s)' itsh(;ccc%rl;t:tt;:jt?oﬁ
tling velocity is included. The other terms in the resistance > Specill o € a9 .
%pproprlately without assuming linearity of the non-linear at-

method are the same as for gases. In case of dry surfacemos heric chemistry. Tagging methods have also been used
it is included that a certain fraction of large particles (with . P y- 1agging

a diameter larger than 2 pum) will bounce off. At water sur- in other recent CTM studies (Fisher et al., 2010; Wu et al.,

faces the laminar boundary layer resistance includes a simgon)’ as the method gives a more accurate estimate of the

ple parameterisation reflecting the influence of sea-spray agontrlbutloq from the tagged emissions compared to the com-
monly applied method, where two different model run are

afunction OT wind speed (Sl'mps.on etal, 2003)'_ ) subtracted to obtain the signal (Brandt et al., 2012).

The required meteorological input to DEHM is obtained
from the numerical weather prediction model MM5 (Grell et 5 5 \/5jidation and uncertainties
al., 1995) that is set up with the same domains and resolu-
tions_ as the DEHM model. See Brandt et al. (2012) for morepg part of the Danish monitoring programme NOVANA,
details on the setup. DEHM has been run for a 20-yr period covering the years

The applied chemistry and dry deposition module have1990-2009. Both meteorological input and emissions repre-
through the years been updated with the purpose of improvsent the actual years in the period (except in 2009, where
ing the calculations of nitrogen deposition to especially the2008 emissions are applied). This long-term series offers
Danish sea and land areas. The DEHM model is also apa sufficiently large data set for a general validation against
plied within AMAP (Arctic Monitoring and Assessment Pro- measured nitrogen depositions. Air concentrations and wet
gramme) to quantify transport of air pollution to the Arctic depositions of nitrogen components have in the same period
(Christensen et al., 2004; Forsius et al., 2010; Hole et al.peen measured at five locations in Denmark (Hertel et al.,
2009) and is one of the models included in the THOR inte-2007). Measurements of dry deposition fluxes are very re-
grated model system (Brandt et al., 2001, 2003) for forecastsource demanding and are therefore not part of the routine
ing of air pollution from European scale over urban back- monitoring programmes. The dry deposition fluxes are con-
ground scale down to urban street scale. The DEHM modekequently calculated from dry deposition velocities obtained
has furthermore been used for carbon dioxide {C&ud-  from the DEHM model and measured air concentrations of
ies (Geels et al., 2004, 2007) and studies of persistent orgas and particle phase nitrogen compounds. In Fig. 2 the
ganic pollutants and emerging contaminants (Genualdi et al.measured and modelled annual nitrogen deposition is com-
2011; Hansen et al., 2008; McLachlan et al., 2010). It haspared at the five sites. Two of the sites are located close to
also been used in climate mode, where the model is drivenhe coast on small islands and are considered to represent ma-
by data from a climate model to estimate the impacts of cli-rine conditions. Measurements from these sites are in part of
mate change on future air pollution levels (Hedegaard et al.the plot (defined in the legend) compared to the modelled
2008, 2011; Langner et al., 2012). deposition to marine surfaces at the same locations.

To apply the DEHM model to estimate the contributionto  The DEHM model has a tendency to overestimate the de-
the total air pollution from a specific source type (e.g. ship position to the Danish land areas (20 % as a mean over the
traffic) or a specific country, a so-called tagging method hadull period). The reason for this overestimation can partly
been implemented in the model (Brandt et al., 2011). Wherbe because the model includes the average emissions within
applying the tagging procedure in DEHM, the contribution grid cells (in this setup 16.7 km 16.7 km) and calculates
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20 As described in Sect. 2.1, dry deposition of gases and par-
ticles is based on the resistance method, which is commonly
18 | used in CTMs applied for nitrogen assessments at the re-
gional scale (Pul et al., 2009). In the resistance method it
16 | ° is assumed that the surface concentration of the chemical
g °® species is zero. For, e.g. Nldnd NG, this is not always the
Z 141 ° ." case and a bi-directional flux can take place (Ganzeveld et
;' ° :o ° al., 2002b; Hertel et al., 2006). For NHseveral parameteri-
g 121 . o® Qo zations of bi-directional fluxes over land exist, but they have
g & o © so far mainly been used in field-scale pleixchange models
B 10 “0 (Massad et al., 2010). However, primarily due to the lack of
2 OQ‘ * sufficient input data, these parameterisations have not been
s 8 widely used in regional CTMs (Massad et al., 2010; Zhang
L 2 4 et al., 2010). In a recent study, a bi-directional flux model
61 for NH3 was included in a CTM covering the United States
(CMAQ), but so far it has only been evaluated through a sin-
4

gle field study (Cooter et al., 2010). Bi-directional fluxes
of other nitrogen components have also been included in a
chemistry general circulation model for global simulations
lrlline\ (Ganzeveld et al., 2002a). Including a bi-directional flux pa-
rameterisation for ammonia will most likely lead to reduced
Fig. 2. Measured and modelled annual nitrogen deposition at fivedry deposition in source areas (Zhang et al., 2010). This may
monitoring sites in Denmark in the period 1990-2009 (Ellermannbe an indication that we in the current study might be over-
et al., 2010). Deposition to land is a mean over all five sites andestimating the dry deposition of ammonia over agricultural
calculated with a deposition velocity for the actual land surfaces.areas. Also over the marine surface, bi-directional fluxes of
Deposition to water (blue squares) is a mean over two of the sittqNH3 have been documented (Hertel et al., 2006) and the in-
(located close to the coast) and calculated with a deposition velocity|ysion of such fluxes in a CTM can lead to a redistribution
for water surfaces. of the deposition in the coastal areas and hence in the gra-
dients of nitrogen depositions over the sea (Sorensen et al.,
the average deposition to the same grid. The measuremeng)03).
sites are, on the other hand, located in background areas with The dry deposition of N@is, as previously mentioned,
some distance to local sources to avoid the direct impact ofa relatively slow process, and it is common to parameterise
e.g. agricultural activities. Hence, the measurements are ardry deposition over vegetation as a process where uptake take
ticipated to provide smaller deposition fluxes compared toplace through stomata (Hertel et al., 2006). The rapid conver-
the grid-average deposition flux, especially for those sites losion in the NO, @ and NG system complicates the interpre-
cated within model grid cells including areas with intensive tation of experimental flux studies of these compounds over,
agriculture. For the marine conditions as represented at twe.g. forests, but there are indications that also non-stomatal
sites, the calculated level of the deposition is in better agreeuptake may take place (Dorsey et al., 2004). An Ameri-
ment with the measured level. As a mean over the period thean experimental study showed dry deposition velocities of
DEHM model underestimates the nitrogen deposition withabout 0.2 cms! over temperate deciduous forest (Horii et
approximately 10% at the marine sites. This comparisonal., 2004). They found a compensation point for Nf
indicates that the DEHM model is a valid tool for studies about 1.5 nmolmol!, and furthermore concluded that their
of nitrogen deposition to marine areas. In previous studiegesults contradict commonly applied dry deposition parame-
DEHM has also been validate against measured concentraerisations that overestimate stomatal uptake and do not allow
tions of, for example, the sum of NHand NI—[{ (denoted  surface uptake when stomata is closed. This is thus an area
SNH) across the EMEP measuring sites in Europe and théor further improvements of the model system.
model captures the overall measured patterns (Brandt et al., All in all, the omission of bi-directional fluxes in the
2012; Geels et al., 2005; Pul et al., 2009). DEHM model leads to additional uncertainty for the esti-
Apart from the small general negative model bias at ma-mates of nitrogen loads over the Baltic Sea. However, as
rine sites seen from the validation in Fig. 2, additional uncer-the focus is on the difference in total nitrogen deposition due
tainties related to emissions and meteorological input varyto changes in emissions alone, the conclusions of this study
ing from year to year should be taken into account. The ap-will presumably be less sensitive to this uncertainty.
plied projections of future emissions are based on assump-
tions about future developments and are therefore associated
with additional uncertainties.

4 6 8 10 12 14 16 18 20

Calculated deposition, kg Nha

& Depositiontowater ® Deposition to land
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2.3 Model setup in this study Programme (EMEP) database) have been combined using the
best available quality and resolution for the specific areas.
The validation above showed that the DEHM model is ableSpecific focus has been on obtaining the best possible emis-
to reproduce the observed nitrogen depositions reasonablyion data set in the immediate vicinity of the Baltic Sea. In
well. The model can therefore be used for scenario studieshis context the detailed emission data set covering Denmark
of nitrogen deposition to marine areas. In the following sec-(Gyldenkaerne et al., 2005; Skjgth et al., 2004) play an impor-
tions we describe how a meteorological reference year hagant role, especially due to the ammonia emissions from the
been chosen for the scenario simulations in the current studgxtensive Danish agricultural activities that contribute signif-
and give an overview of the emissions applied in the scenaridgcantly to local depositions. Similar data have, however, not

simulations. been available for the other countries in the region. Natural
emissions of N from lightning and soil as well as emis-
2.3.1 Meteorological reference year sions of NH from soil/vegetation based on GEIA (Global

Emission Inventory Activity; Graedel et al., 1993) are also

Year-to-year variations in meteorological parameters likeimplemented in the model.
wind direction and speed as well as precipitation willimpact In this study the emissions for 2007 will represent
the calculated nitrogen deposition to the Baltic Sea. Such‘present-day” emissions. Emissions of primary pollutants
short-term inter-annual fluctuations and anomalies could beare for the European part of the model domain obtained
avoided using a 30-yr period recommended as a climate norfrom the EMEP database with a 50 kb0 km resolution.
mal minima by World Meteorological Organisation (WMO) For the hemispheric domain, emissions are taken from the
(WMO, 2007, 2010). However, due to the long computation RCP database with a 0.5 0.5° resolution for historical data
time, this approach is not (yet) feasible in air pollution mod- (Lamarque et al., 2010). Emissions from wildfires are in-
elling. Alternatively, we have made a 10-yr model simulation cluded (Schultz et al., 2008), as well as ship emissions both
with the same emissions applied for all years. In the valida-around Denmark (Olesen et al., 2009) and for the rest of
tion described in Sect. 2.2, both emissions and meteorologyhe domain (following EMEP and RCP). These gridded ship
were changed each year, so the two simulations can not bemissions cover international traffic that is not included in
directly compared. the national inventories.

Based on the 10-yr simulation, we have calculated the For Denmark updated national NFand NG, emissions
average nitrogen deposition to the Baltic Sea and analysedre included with a spatial resolution of 1 ki km, and
the variability in nitrogen deposition associated with the the temporal resolution of the Danish ammonia emissions is
variability in meteorology alone. Finally, we identified the based on a dynamic parameterisation. This parameterisation
year where the nitrogen deposition to the Baltic is closestaccount for physical processes like volatilization of N\ihd
to the average for the full 10-yr simulation. The analysis local agricultural production methods, including long-term
also showed that, within the period 1995-2004, the deposichanges in regulation such as seasonal timing and amount of
tion varies by+17 % from year to year due to meteorology applied manure and mineral fertilizer (Gyldenkaerne et al.,
alone. The nitrogen deposition calculated with meteorology2005; Skjath et al., 2004, 2011).
for 1998 is closest to the average for the period both forama- For 2020, the applied emission inventory is based on
jority of the basins and sub-basins as well as for the wholevarious assumptions and proposed international agreements
Baltic Sea. about emissions ceilings to be reached in 2020. The inven-

In this study we therefore apply 1998 as the deposition ref-tory for Europe is based on a combination of the EU thematic
erence year. It should be noted that 1998 does not necessarigrategy for clean air in Europe and scenarios for the 27 EU
reflect the average deposition from each of the studied couneountries made by IIASA (Amann et al., 2008) as part of the
tries for this period. This induces an additional uncertainty inanalysis towards a new directive on national emission ceil-
the estimates of the deposition from individual countries. Inings (NEC-II). For the remaining European countries and the
the scenario runs we combine the deposition reference yeawestern Asian countries, the projected emissions are based
with emissions for 2007 and 2020. A direct validation with on the estimates provided in the EU Clean Air For Europe
observed nitrogen depositions is therefore not feasible. In{CAFE) programme. For the rest of the Northern Hemi-
stead we discuss the estimates in relation to related simulasphere, the emissions in 2020 are based on the RCP 3-PD

tions carried out with other CTM models (see Sect. 4). projections (van Vuuren et al., 2007). Ship emissions from
the area around Denmark are assumed to follow new regu-
2.3.2 Anthropogenic emissions and projections lations adopted by the International Maritime Organisation

(IMO) and the same projections are used for the North Sea
In order to include the most realistic emission input to the and the Baltic Sea (see Olesen et al., 2009).
DEHM model, the available emission inventories covering In Table 1 the emissions of NONH3 and total nitrogen
the globe (Representative Concentration Pathways (RCPfpr the 2007 and 2020 scenarios (as used in the model) are
database) and Europe (European Monitoring and Evaluatiogiven for Europe, the nine countries bordering the Baltic Sea
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Table 1. The applied emissions of NQNH3 and total nitrogen for 2007 and 2020 given for Europe (emissions within the European model
domain), the countries with coastlines to the Baltic SeaRaltic C.) and from ship traffic in Europe.

NOx NH3 total N
1000tN 1000tN 1000tN
Area 2007 2020 Change % 2007 2020 Change % 2007 2020 Change %
Europé 5931 4264 —28 4715 4661 —1 10646 8925 -16
Denmark 51 27 —47 62 53 -13 112 80 -29
Estonia 11 5 —-53 8 8 -1 18 13 =31
Finland 56 30 —45 29 23 —-20 85 54 -37
Latvia 13 7 —47 13 9 —26 26 16 —36
Lithuania 21 9 —-57 30 28 -7 51 37 —28
Poland 269 119 —-56 240 220 -8 510 339 -33
Sweden 50 34 -33 41 27 -35 92 61 —34
Germany 391 217 —45 514 366 —-29 905 583 —36
Russia 1068 951 -11 460 687 50 1527 1638 7
¥ BalticC. 1929 1398 —28 1397 1422 2 3326 2820 -15
Ships 1016 1237 22 1016 1237 22

* Change in emissions within the model domain covering Europe.

and for international ship traffic. For Europe (here definedeach of the nine countries surrounding the Baltic Sea as well
as the model domain covering the majority of Europe, seeas from ship traffic. In total, 22 model simulations have been

Fig. 3), the emissions of NCand NH; are projected to de- carried out for the two emission years 2007 and 2020 based
crease by 28% and 1 %, respectively, leading to a decreasen the same meteorological input for 1998. The first series
of 16 % of the total nitrogen emission by 2020 compared toof 11 simulations include:

2007.

The emission of NQis projected to decrease in all of the
nine countries bordering the Baltic Sea. In the majority of the
countries the decrease in emission from 2007 to 2020 is in the 2. simulations for each of the nine countries, where the
order of 50 %, lower emission reductions are only expected tagging method has been used to “tag” the emissions
for Sweden (33 %) and Russia (11 %). Emissions due to ship  from the specific countries. Thereby it is possible to
traffic are, on the other hand, expected to increase by 22%in  separate the source signals from, e.g. Poland, from the
the same period. full set of emissions in the model;

Larger variations are projected for the development in the ) ) o ) )

NH3 emissions. Largest reductions of about 20-30 % are ex- 3. one S|mglat|on where the emissions from international
pected in Sweden, Germany, Latvia and Finland, while lower ~ Ship traffic are tagged.

reductions from 1-13% are projected in Denmark, Poland;the same series of simulations are made for the next emis-
Lithuania and Estonia. For Russia the fEmissions are  gjgp year, where the projected emissions for 2020 are in-
expected to increase by 50 % in 2020. cluded.

The total nitrogen emission is, as a result of the separate As mentioned in Sect. 2.3.1, the results from the scenario
changes in N@and NH, projected to decrease by approxi- simulations are not directly validated against measurements,
mately 30 % in eight of the nine countries, where only emis-since the results do not describe the actual depositions but re-
sions from Russia are projected to increase by 7%. The néfect average deposition for present day conditions. In Sect. 4

1. one standard simulation including the full emission
dataset for 2007;

effect is an overall decrease of 15 %. the results will be evaluate by comparison to other similar
studies.
3 Results 3.1 Depositions to the Baltic Sea

With a model setup of DEHM using the meteorological ref- The deposition patterns for Europe resulting from the two

erence conditions and emission estimates described above standard scenario calculations are shown in Fig. 3. The de-
series of model simulations have been conducted to calculatposition is largest in the south-western part of the Baltic Sea
the total deposition, but also to assess the contribution fronwith a decreasing gradient towards the East and North; the
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Table 2. The modelled deposition of NONHy and total nitrogen

(in ktonnes N) to the Baltic Sea based on 1998 meteorology and
including present day emissions (2007) and projections for 2020.
The resulting reduction in deposition is given in kt N and as a %-
decrease. The latter can be compared to the %-decrease in emis-
sions in Europe and in the countries bordering the Baltic S€a (
Baltic C.).

NOy NHyx TotalN

2007 [kt N] 102 101 203
2020 [kt N] 73 91 165
Difference [kt N] 28 10 38
Difference [%] -28 -10 -19
Emis. change, Europe [%] —-28 -1 -16
Emis. change)_ Baltic C. [%] —28 2 -15

oo 1a units: kg/ha/year sponding decrease in the deposition of nitrogen in most re-
gions across Europe. In regions where the projected changes
in agricultural emissions of Nfiare small (which is the case

in, e.g. Russia, Italy and the Netherlands) the development in
the total deposition is also small.

The total modelled nitrogen deposition to the Baltic Sea
(here a surface area of 415 000%im used) based on the two
un-tagged scenarios is given in Table 2. Based on the 2007
and 2020 emissions, the annual deposition to the Baltic is 203
and 165ktonnes N, respectively, giving a projected reduc-
tion of 38 ktonnes nitrogen in the annual load in 2020. This
equals a decline in nitrogen deposition of 19 %, which should
be compared to the corresponding overall emission reduc-
tion of 16 % in Europe during the same period. The results
for the oxidised (NQ) and reduced (Nk) nitrogen compo-
nents are also given in Table 2. Following the reductions in
the emissions, the largest decrease of 28 % is estimated for
NOy, while the contribution from NK only is projected to
decrease by 10%. This can be compared to the reduction
of 28% and 1% in the applied emissions of Nénd NH,

4 (nm

- in Europe during the same period. The largest reductions in
— units: kg/ha/year percent of the present day deposition are predicted to be in
§ 12 the Sound, the Belt Sea and Kattegat (26 %) and smallest re-
= ductions (10 %) in the Gulf of Finland (see Table S5 in the
. e Supplement).

. . - . In Fig. 4 the nitrogen deposition related to emissions in
Fig. 3. Simulated total annual deposition of nitrogen across Europe,pgjand alone in 2007 is compared to the similar simulation

based on emissions from all present day (2007) sources (top) Withir?ncluding 2020 emissions. These results are shown as an ex-
the model domain and the projected emissions for 2020 (bottom),

The common unit for nitrogen deposition [kg N4 is used. Mul- ample of the results for a model n.m including th.e taggl_ng
tiply with 100 to convert to [kg N krfi2]. method. Poland contributes to the nitrogen deposition mainly

in the northern and eastern part of Europe. Highest present
day depositions of more than 10 kg NHayr—1 are only seen
deposition per krfito the Belt Sea is approximately three over Poland and the contribution decreases relatively fast
times higher than the deposition perto the Gulf of Both-  with distance, leading to contributions of 2—5 kg NAan
nia (see Tables S1 and S2 in the Supplement). The generéthe neighbouring countries to the east and 1-2 kgNha
decrease in the projected emissions from today to 2020 (seether neighbouring countries. The 33 % projected decrease
also Sect. 2.3.2 and Table 1) is clearly reflected in a correin emissions from 2007 to 2020 in Poland (Table 1) is clearly
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Fig. 5. The nitrogen deposition to the Baltic Sea divided into the

contribution from the nine bordering countries and other sources
(i.e. from the remaining emissions in the model domain). The con-
tributions are given in percent [%] for both the present day scenario
and the projections for 2020. Each contributing country has the
> 1000 same colour in the two pies.

5.00 - 10.00

340 - 6.00 units: kg/ha/year
225 - 340

150 - 225

080 - 150
045 - 0.90

oo 3.2 Country allocation

(EOCOO N

Fig. 4. Simulated annual deposition of nitrogen across Europe BaseFj orj the 20 S|mulat|on§ with the tagglng technlq'ue, the
bas:ed. on emissions from present day sources in Poland (top) ar’{:éOntrIbUtlon frpm_the Count_rles su_rroqndlng th_e Ba}lltlc Sea
2020 sources in Poland (bottom), using the tagging method. Thd© the (_jeposmon in the Bal_tlc Seg IS dlsplaye(_j In a country
common unit for nitrogen deposition [kg N'1a] is used. Multiply allocation table” (Table 3) including the contributions from
with 100 to convert to [kg N km2]. ship traffic and from all sources within the full model do-
main. The deposition per khis highest to the basins closest
to each country (see Tables S1 and S2 in the Supplement),
visible in the lower part of Fig. 4 showing a clear decreasewhich indicates that the deposition is dominated by com-
in depositions in 2020. It can also be seen that the deposipounds that are transported over relatively short distances.
tion of nitrogen within the country itself arising from Polish  The predicted contributions from each country and from
emissions is generally below 10 kg Nfain 2020. all other sources to the total annual deposition are displayed
in Fig. 5. Of the total nitrogen deposition (given in the sec-
tion above), ca. 52 % can, according to the model results for
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Table 3. A country allocation table with the predicted contributions Table 4. The projected reduction in nitrogen deposition compared
(in ktonnes N yr1) from different source regions/types to the total to the required nitrogen input reduction in the provisional Baltic Sea
nitrogen deposition to the Baltic Sea. The change from 2007 toAction Plan (BSAP) country allocation plan.

2020 is given both as k tonnes N and in percent [%]. The changes

in nitrogen emissions are also given (taken from Table 1). Contribution  2007—2020 BSAP Part of BSAP
from Reduction reductions reduction
Contribution 2007 2020 Change Change Emission [kt N] [kt N] [%0]
from [kt N] [ktN] [kt N] [%] change [%]
Denmark 4.75 17.21 28
All sources 203 165 —38 -19 -16 Sweden 3.83 20.78 18
Denmark 16 n -5 30 —29 Finland 2.03 1.20 169
Sweden 1 7 -4 -3 —34 Germany 11.97 5.62 213
Finland 7 4 -2 =31 —-37 Poland 5.70 62.40 9
Germany 34 22 —12 -35 —6 . . )
Poland 19 14 -6  -30 -33 Russia —2.94 6.97 -
Russia 13 16 3 23 7 Esto_nla 0.62 0.90 69
Estonia 2 1 -1 -33 -31 Latvia 0.75 2.56 29
Latvia 2 1 1 _35 —_36 Lithuania 0.75 11.75 6
Lithuania 3 3 -1 -23 —28
> Baltic C. 106 79 =27 —26 —-15
Ships 17 18 1 6 22

in 2013. In Table 4 this is compared to the reductions pro-
jected in this study on the basis of the NEC-Il emissions. It
can be seen that some countries (i.e. Germany and Finland)
2007, be traced back to emissions within the nine countrie are_antlﬁlpa,\tleEdCt?l r(ljgve a stronger re(;uctui]n n emlssdlons .fOI'
surrounding the Baltic Sea, while 48 % comes from ships anjc_)wmg the . j |regt|ve compared to the targete_ emis-
countries further away. This distribution is projected to shift sion reductions according to the BASP.‘ Other countries (_e.g.
so that the part of the deposition arising from the countriesDenmark’ Sweden and Poland) require further regulations

surrounding the Baltic Sea are expected to decrease to c50 reach the BSAP goal. Based on the projected emissions

48% in 2020, while other sources are predicted to contributeChangeS’ the overall reduction in the contribution from eight

o o : . .
with 52 %. However, the contribution from international ship '?qf ttr:]ee Cr(c))u'nst'rtl)izllz,iglf Tor:;r;inr]['rt.[)oq[%r:] ;fgrﬁcgogsrzq:';g?
traffic is projected to increase from 17 ktonnes N in 2007 to!ncl dgd ;1/('arle as this 's.the onl ccl) Lrjnlr here trlmje elm'lss'ons
18 ktonnes N in 2020, equal to 8 % and 11 % of the total de- e ' ISt y country w ISSi

position to the Baltic Sea for the two years. The fraction of are projected to increase. In this case the increased input of

the contribution from countries with no border to the Baltic _”'”Oge” would have to be counteracted by further regulation

Sea is therefore almost the same for the two yeadk(©6). initiatives in Russia.

In the present day scenario, the four largest contributors
to Baltic Sea deposition were Germany, Poland, Denmar
and Russia, whereas this order changes slightly to Germany,

Russia, Poland and Denmark in the 2020 scenario. If calgr modelied nitrogen deposition to the Baltic Sea based on
culated as a percentage of the present day deposition, thgegent day emissions can be compared to other modelled es-
change in deposition between the 2007 and the 2020 SCjmates as well as to estimates based on observations. Hertel
nario is between-23 % and-—35 % for all countries except gt 51 (2003) used a Lagrangian model to assess the nitrogen
Russia. The expected increase in nitrogen emissions W'th”&leposition to the Baltic in 1999, and scaled to the area of
Russia leads to a projected 23 % increase in the depositionhe Baltic Sea used in the present study (415 009 ktheir
When examining the reduction in absolute contributions ineqits correspond to a total deposition of 283 k tonnes N. In

ktonnes N (Table 3), the largest reductions in deposition are;qiher study Langner et al. (2009) compared the results of
from Germany (ca. 12.0 ktonnes N), Poland (5.7 ktonnes N)¢he MATCH model with other previous estimates, and this

Denmark (4.75 ktonnes N) and Sweden (3.83 ktonnes N). comparison showed the deposition to be in the rangedfs

In the main basins the deposition per kiflom ships is  to 300k tonnes N in the period from the mid-1990s to 2001.
highest in Kattegat, the Danish Straits and in the western parfn a recent study, Bartnicki et al. (2011) used the Eulerian
of the Baltic Proper (see Tables S1 and S2 in the SupplementMEP Unified model to study the trend in the atmospheric
for details). nitrogen deposition to the Baltic Sea for the period 1995—

The BSAP includes a provisional country-wise reduc- 2006. They found that the total nitrogen deposition changed
tion allocation (seéttp://www.helcom.fi/BSAP/ActionPlan/ from 230k tonnesN in 1999 to 199 ktonnes N in 2006. Our
en.GB/ActionPlan/#eutrophicatignwhich will be reviewed  present day estimate of 203 ktonnesN is therefore in good

Discussion
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agreement with this most recent estimate from the EMEPso this change in the relative share of N@nd NH; emis-
model (which is based on 2006 emissions and meteorology)sions from Russia will lead to an increase in deposition
The other numbers representing the 1990s are higher than owithin and close to Russia and hence also to the Baltic Sea.
estimate using 2007 emissions; however, this seems reasoBased on the above explanations, the main deposition source
able since the emissions of nitrogen compounds in Europdrom Russia will come from the western part of Russia.
have been reduced by more than 30 % since 1990. In ad- The decrease—(28 %) in total deposition of NOy to the
dition to that, year-to-year variations in meteorological pa- Baltic Sea (Sect. 3.1 and Table 2) has@ne-to-one relation-
rameters will have an impact on the estimates for individ- ship to the projected NQemission changes at the European
ual years. As described previously, we found the depositiorscale and within the surrounding countries (betB8 %).
to vary by+17 % due to interannual variations in meteorol- For NHXx this is, however, not the case. Here the total depo-
ogy in the period 1995-2004. This is in accordance withsition of NHXx is projected to decrease witl0 %, while the
Bartnicki et al. (2011), in which the simulated deposition emissions are changing withl % (Europe) and 2 % (coun-
based on 2006 emissions and the meteorology for 1995-200fsies surrounding the Baltic Sea). Following the discussion
ranged between 87 % and 117 % of the mean deposition. above, this can be explained mainly by the fact that the emis-
The model runs performed with the tagging method havesion changes in the upwind areas (Denmark, Germany and
provided us with data on the percentage that each countrweden) are projected to be larger than the average changes.
surrounding the Baltic Sea contributes to the total nitrogenThese emission reductions will hence have a large impact on
deposition now and in 2020 (Sect. 3.2). When comparingthe total NHx deposition changes.
the changes in deposition with the changes in emission (Ta- An important aspect which also requires attention is that
ble 3), the results can be divided into three groups. In the firsthe size of the change in emissions/concentrations relative to
group the projected percentage emission decrease is close tlle general background level can have an impact on the non-
the percentage deposition decrease; this is seen for Denmarknear chemical processes in the atmosphere. However, this
Sweden, Germany, Estonia and Latvia. For the second groufg a non-trivial problem and will be investigated in a forth-
(Finland, Poland and Lithuania), the projected emission re-coming study. Also, the importance of bi-directional fluxes
duction is four to five percent higher than the deposition re-of nitrogen components for this kind of study should be eval-
duction. The last group consists only of Russia. Opposite tauated in the future.
all other countries, nitrogen emissions from Russia are pro- |n addition to the interannual variability in meteorology
jected to increase by 7 %, resulting in a projected increase oand hence in deposition (Sect. 2.3.1), general variations in
the deposition load to the Baltic Sea of around 23 %. the climate and global warming might lead to changed mete-
The discrepancy between reductions in emissions and reorological conditions in the Baltic region. In a recent study
sulting depositions can have many explanations. The mainhe possible impact of climate change on the deposition of
sources of nitrogen are emissions of Nehd NQ. These  nitrogen to the Baltic sea was investigated by forcing a CTM
compounds take part in non-linear chemical transformationsyith a climate change scenario (SRES A2) while maintaining
and their products can be transported over short or long disthe emissions constant at the present day (year 2000) level
tances before being deposited, e.g. onto the Baltic Sea. Th@ angner et al., 2009). They concluded that the impact from
~one-to-one ratio between emission and deposition reducclimate change alone is small, with an increase in the depo-

tions for the first group of countries can be explained by sijtion of ~5 % by the end of the 21st century.
a combination of the geographic distribution of emissions

within these countries and their distance to the Baltic Sea, as

well as the prevailing wind and precipitation patterns. Den-5 Conclusions

mark, Sweden and Germany lie in the western upwind flow

to the Baltic Sea. Although Estonia and Latvia are in the The magnitude and variability in nitrogen deposition to the

downwind flow to the Baltic Sea, they have very long coast-Baltic Sea is a highly studied topic. We focus in this model

lines to the Baltic Sea and the deposition is likely dominatedstudy solely on the impact of changes in anthropogenic emis-

by coast-near sources. The same explanation applies to ttgons between 2007 and 2020. In total, 22 model runs have

second group of countries; however, since their geographicabeen carried out with the CTM model DEHM, 20 of these in-

distribution of emissions is not directly upwind in the prevail- cluding a tagging technique to keep track of emissions from

ing wind and precipitation patterns, the emission reductionsa specific source (here the nine countries with coastlines to

here will have a smaller impact on the deposition reductionthe Baltic Sea and international ship traffic).

to the Baltic Sea. Based on the model results, we can conclude that the at-
In Russia the N@emissions are projected to reduce with mospheric nitrogen deposition to the Baltic Sea is projected

10 %, while the NH emissions are expected to increase byto reduce with 19 % in 2020 compared to 2007, given that the

50%, and the emission patterns of Russia show a high intargets in the NEC-II directive are reached. The contribution

crease of NH emissions in the western part of Russia. The from the countries surrounding the Baltic Sea was 52 % of

atmospheric residence time of Nlis shorter than for NQ the total nitrogen deposition in 2007 and this is projected to
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decrease to 48 % in 2020. The input from countries furtherto future climate changes (SRES A2 scenario); however, the

away is hence significant, which emphasizes the importanc@ossible non-linear effects in air chemistry due to changes in

of international agreements within EU and the rest of Eu-both climate and emissions were not included in that study.

rope. The contribution from international ship traffic is also Therefore, the combined effect of emission changes, interan-

significant and is projected to increase according to the im-nual variability in meteorological forcing as well as general

plemented emission scenario. changes in climate still needs to be assessed to improve the
Of the bordering countries, the main contributors to Baltic understanding of the future developments in the nitrogen de-

Sea nitrogen deposition were Germany, Poland, Denmarloosition to the Baltic Sea.

and Russia in 2007. Using the projected 2020 emissions,

Russia is anticipated to become the second largest contribSupplementary material related to this

utor. When calculated as a percentage of the present dagrticle is available online at:

deposition, the change in deposition is betwegl8% and  http://www.atmos-chem-phys.net/12/2615/2012/

—35% for all countries except Russia. Only in Russia is anacp-12-2615-2012-supplement.pdf

increase in the emissions of nitrogen components expected,

which, according to the model runs, will lead to a 23 % in- . .
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