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Abstract

The EMEP Unified model has been used to compute atmospheric nitrogen deposition
into the Baltic Sea basin for the period of 12years: 1995-2006. The level of annual
total nitrogen deposition into the Baltic Sea basin has changed from 230 GgN in 1995
to 199 GgN in 2006, decreasing 13%. This value corresponds well with the total ni-
trogen emission reduction (11%) in the HELCOM Contracting Parties. However, inter-
annual variability of nitrogen depositions to the Baltic Sea basin is relatively large, rang-
ing from —13% to +17% of the averaged value. It is mainly caused by the changing
meteorological conditions and especially precipitation in the considered period. The
calculated monthly depositions are similar for most of the years showing maxima in the
autumn months October and November. The source allocation budget for atmospheric
nitrogen deposition to the Baltic Sea basin was calculated for each year of the period
1997-2006. The main emission sources contributing to total nitrogen deposition are:
Germany 18-22%, Poland 11-13% and Denmark 8-11%. There is also a significant
contribution from distant sources like the United Kingdom 6—10%, as well as from the
international ship traffic on the Baltic Sea 4-5%.

1 Introduction

The effects of eutrophication are most likely the single greatest threat to unique and
fragile environment of the Baltic Sea (HELCOM, 2010). Nitrogen and phosphorus are
the main nutrients which in high concentrations stimulate growth of algae which in turn
leads to imbalanced functioning of the system and eutrophication (HELCOM, 2009).
The nitrogen input entering the Baltic Sea is both airborne and waterborne, whereas
phosphorus input is mostly waterborne (HELCOM, 2010). Atmospheric deposition of
nitrogen accounts for approximately one quarter to one third of the total nitrogen load
to the Baltic Sea (HELCOM, 2005a) and has been regularly monitored by following the
results of measurements and model calculations.
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The Co-operative Program for Monitoring and Evaluation of the Long-Range Trans-
mission of Air Pollutants in Europe (EMEP) and the Baltic Marine Environment Protec-
tion Commission (HELCOM) are both conducting work on air monitoring, modelling and
compilation of emission inventories of different pollutants, especially nitrogen species.
In 1995, HELCOM decided to rationalize its current programs by avoiding duplication
of efforts with specialised international organizations. At the request of HELCOM, the
steering Body of EMEP at its nineteenth session agreed to assume the management
of atmospheric monitoring data, the preparation of air emission inventories and the
modelling of air pollution in the Baltic region.

Following this agreement, the EMEP Centres have been responsible for regular eval-
uation of the state of the atmosphere in the Baltic Sea region and have produced
the annual joint summary reports with updated emissions of nitrogen compounds,
heavy metals and POPs, modelled deposition fields, allocation budgets and measure-
ment data. All together thirteen joint EMEP Centres reports for HELCOM have been
published, the last one in 2010 (Bartnicki et al., 2010).

The estimation of airborne nitrogen load to the Baltic Sea is based on both, mea-
surements (Rolf et al., 2008; HELCOM, 2005a) and on modelling studies (Hertel et al.,
2003; Langer et al., 2009; Bartnicki et al., 2009). Rolf et al. (2008) noticed a depo-
sition gradient from the coastal regions to open waters or remote islands. Langner et
al. (2009) estimated the present and future deposition of nitrogen into the Baltic Sea
using the Eulerian chemical transport model MATCH. The calculated average total ni-
trogen deposition in the period 1992-2001 was in the range 261-300 G.gNyr‘1 with
inter-annual variability 5.1%—-8.0%. Their study predicts around 5% increase in the
total deposition of reactive nitrogen into the Baltic Sea towards the end of 21st cen-
tury. Hertel et al. (2003) calculated the annual 1999 nitrogen deposition of nitrogen
into Baltic Sea with the ACDEP model. The calculated annual deposition was equal to
318 Gg N for the basin area 464 406 km?. The depositions were maximum over Dan-
ish waters during the mid summer periods when the algae growth is high whereas
the deposition maximum values were distributed over most of the year in the northern
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part of the Baltic Sea. On the other hand, long-term trends in nitrogen deposition are
generally related to the trends in anthropogenic emissions, meteorological variabili-
ties, nonlinearities in atmospheric chemistry and these factors can offset the expected
changes in deposition.

Here we present and discuss the most important results of the EMEP work for HEL-
COM concerning atmospheric nitrogen deposition to the Baltic Sea. We have chosen
the period 1995-2006 for the calculation of nitrogen deposition for several reasons.
Firstly, because the consistent and continuous meteorological and emission data are
available for the selected time frame only. Secondly, we could use for the entire pe-
riod, exactly the same version (rv3.1) of the EMEP Unified model as well as the same
computational model domain. Under normal operation, the EMEP model is frequently
improved and changed, almost every year and often different model versions are ap-
plied for calculating transport and deposition in different years. The same applies to
meteorological data, which can be provided by different Numerical weather Prediction
models in different years. By selecting the 1995-2006 period, we managed to avoid
this kind of problems in the present study.

The standard computational domain of the EMEP model is shown in Fig. 1 together
with slightly smaller domain which was used for calculations presented here. The Baltic
Sea Basin is located in the centre of reduced model domain, which is large enough for
the estimation of nitrogen deposition and source receptor allocation for the Baltic Sea
basin.

2 Nitrogen emissions

As far as possible, the emission data submitted by the EMEP Contracting Parties have
been used in the model runs presented in this study. However, in case of missing or
incorrect data, the expert estimates were used instead (Vestreng, 2003). Annual to-
tal emissions of sulphur dioxide (SO,), nitrogen oxides (NO, = NO + NO,), ammonia
(NH3), non-methane volatile organic compounds (NMVOC), carbon monoxide (CO),
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and particulates (PM, 5, PM,,) are submitted every year, by each Contracting Party.
In addition, spatial distributions of these emissions in the EMEP grid system are being
updated approximately once in five years, since the locations of main sources in each
country do not change very often. For the modelling purpose the submitted emission
data, as well as the emission data from international ship traffic are verified and even-
tually corrected by experts. The description of procedures used for collecting anthro-
pogenic emissions, filling-in gaps, and for spatial distribution can be found in (Vestreng,
2003; EMEP, 2010). The emission data used in this study for the period 1995-2005
have been compiled at the meteorological Synthesizing Centre-West (MSC-W) in Oslo
and that for the year 2006 has been compiled at the Centre for Emission Inventories
and Projections (CEIP) located at the Federal Environment Agency in Vienna, Austria
and can be found on the CEIP’s web pages (CEIP, 2010).

Emissions of different kind of pollutants can influence the amount of nitrogen depo-
sition to the Baltic Sea, however, emissions of nitrogen oxides and ammonia are the
major and dominating contributors to nitrogen deposition. Transportation and combus-
tion are the main activities producing nitrogen oxides emissions, whereas agriculture
is a dominating source for ammonia emissions. Emissions from the HELCOM Con-
tracting Parties and international ship traffic on the Baltic Sea are especially important
for nitrogen deposition into the Baltic Sea, because together they contribute more than
50% to the deposition. Time series of annual emissions of nitrogen oxides and ammo-
nia for the HELCOM Contracting Parties in the period 1995-2006 are shown in Tables 1
and 2. In most of the HELCOM countries nitrogen oxide emissions are decreasing in
the considered period with largest reductions in Sweden and Germany, both by 35%.
In two countries nitrogen oxides emissions are higher in 2006 than in 1995. These
are Russia (30%) and Latvia (7%), with the increasing trend beginning already in the
year 2000. Also ammonia emissions have been reduced in the period 1995-20086, in
most of the HELCOM Contracting Parties with the largest reductions in Russia (28%)
and Poland (25%). In two HELCOM countries ammonia emissions are slightly higher
in 2006 than in 1995: in Finland (4%) and in Latvia (3%).

1807

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 1803-1834, 2011

Atmospheric
deposition of
nitrogen to the Baltic
Sea

J. Bartnicki et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/1803/2011/acpd-11-1803-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/1803/2011/acpd-11-1803-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The maps with spatial distributions of nitrogen oxides and ammonia emissions
around the Baltic Sea look similar for all the years of the considered period. As an
example, the maps with spatial distributions of the annual 2006 nitrogen oxides and
ammonia emissions in the Baltic Sea region are presented in Fig. 2a and b, respec-
tively. Nitrogen oxides emissions from the international ship traffic on the Baltic Sea
are visible in the Baltic Sea basin. Emission sources of ammonia are located on the
land only and they are not present in the Baltic Sea basin. There is a south-north gradi-
ent in both, nitrogen oxides and ammonia emissions, but slightly steeper for ammonia
emissions.

Total HELCOM emissions calculated as a sum of contributions from the HELCOM
contracting parties have been reduced during the considered period by 5% and 18%,
for nitrogen oxides and ammonia, respectively (Fig. 3). However, ship emissions of ni-
trogen oxides have increased by 30% in the same period. The total (nitrogen oxides +
ammonia) nitrogen emissions from the HELCOM Contracting Parties have decreased
by 11% and sum of HELCOM and ship emissions has decreased by 10%. For all the
years, nitrogen oxides emissions for HELCOM sources are slightly higher (4%—7%)
than ammonia emissions in nitrogen units. One of the questions which can be an-
swered by the results of the model runs is if the main features of nitrogen emissions
are reflected in the calculated nitrogen deposition or not?

3 Nitrogen deposition into the Baltic Sea

Nitrogen emission inventories described in the previous section have been used to
calculate annual and monthly nitrogen depositions for the entire period of 1995-20086.
The version rv3.1 of the EMEP Unified model has been used to calculate both annual
and monthly deposition fields of oxidised dry, oxidised wet, reduced dry and reduced
wet nitrogen to the Baltic Sea basin.
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3.1 Annual deposition

The calculated annual oxidised and reduced nitrogen deposition fields for the year
2006 are shown in Fig. 4a and b. The spatial distribution patterns of these deposition
fields are similar for all years of the considered period and therefore we present only
examples for the year 2006. A clear south-north gradient can be noticed for both fields,
however the gradient appears more steep for reduced nitrogen deposition. The ranges
of annual 2006 deposition to the Baltic Sea basin are: 82—-666 mgN m™2 yr‘1 and 49—
1334 mgN m™2 yr'1, for oxidised and reduced nitrogen, respectively. Maxima of the
deposition are located close to the German coastal line, whereas minima are located
in the Northern part of the Baltic Sea.

Time series with oxidised-dry, oxidised-wet, reduced-dry and reduced-wet deposi-
tion to the Baltic Sea basin in the period 1995-2006 are presented in Fig. 5. For all
years of the considered period, wet deposition of nitrogen is larger than dry deposition,
accounting for 63—70% of total deposition. The patterns and values of oxidised wet and
reduced wet depositions are very similar and remain close to each other. Contributions
of oxidised dry and reduced dry deposition to total deposition are lower, with total dry
deposition accounting for 30—37% of total nitrogen deposition in the considered period.
There is also slightly (2—8%) more oxidised than reduced deposition for all the years.
The level of annual total nitrogen deposition into the Baltic Sea basin has changed
from 230 Gg in 1995 to 199 Gg in 2006. Maximum of total nitrogen deposition in the
considered period can be noticed in the year 2000 (250 Gg N), whereas minimum can
be seen in the year 2002 (184 Gg N). All types of computed deposition are lower in the
year 2006 than in the year 1995 with total nitrogen deposition decreasing 13% in the
entire period. This value corresponds well with the total nitrogen emission reduction
(11%) in the same period, in the HELCOM Contracting Parties.

The temporal patterns of dry deposition in Fig. 5 are relatively smooth compared
to the patterns of wet deposition, which show large inter-annual variations, especially
in the period 1996-2003. Since the temporal patterns of nitrogen emissions are also
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relatively smooth, large variations in the wet deposition are mainly caused by variable
meteorological conditions and especially precipitation. The influence of precipitation
on the wet deposition pattern is clearly visible in Fig. 6 where time series of relative
annual precipitation and wet deposition are compared. Figure 6 also suggests a good
correlation between precipitation and wet deposition. This is confirmed by high values
of correlation coefficients between precipitation and oxidised wet deposition (0.80) and
between precipitation and reduced wet deposition (0.76). On the other hand, smooth
pattern of dry deposition suggests a good correlation between nitrogen emissions and
dry deposition. This is true for nitrogen oxides emissions and deposition of oxidised
nitrogen. The correlation coefficient between annual emissions of nitrogen oxides and
annual deposition of oxidised nitrogen in the period 1995-2006 is equal to 0.70. These
results indicate that the inter-annual variation of dry deposition is mainly forced by
the changes in nitrogen emissions, whereas meteorology and mainly precipitation are
responsible for inter-annual variation of wet deposition.

Comparison of relative annual total nitrogen emissions and annual total nitrogen de-
position is shown in Fig. 7. In this figure, annual total nitrogen emission is the sum of
nitrogen dioxide and ammonia emissions and relative means percent of annual 1995
values. Emission pattern in Fig. 7 is relatively smooth, whereas large differences can
be noticed in annual deposition especially in the period 1996—2002. This figure, as well
as Figs. 5 and 6 prove again that inter-annual variation of meteorological conditions and
especially precipitation has a strong influence on annual deposition of nitrogen. One
important implication from the decision point of view is the possibility of increased depo-
sition of nitrogen deposition after the reduction of nitrogen emission. For example, total
nitrogen emission shown in Fig. 7 decreased 1.7% between 1997 and 1998, whereas
total nitrogen deposition increased 25% from 1997 to 1998 (both in % of 1995 value).
Therefore, in order to evaluate and see the effects of nitrogen emission reduction, it is
necessary to use a longer period than one or two years. Figure 7 indicates that the
evaluation period should not be shorter than five years.
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3.2 Monthly deposition

Calculated monthly deposition of oxidised dry, oxidised wet, reduced dry and reduced
wet nitrogen to the Baltic Sea basin in the period 1995-2006 are shown in Fig. 8. As
in case of annual deposition, also monthly wet deposition of oxidised and reduced ni-
trogen are higher than corresponding dry deposition. In addition, patterns of monthly
oxidised wet end monthly reduced wet deposition are very similar and relatively well
correlated with correlation coefficient equal to 0.65. The minima of monthly deposition
in the considered period are similar, slightly above 1 GgN, however they occur in differ-
ent years. The maxima of monthly oxidised wet (16.9 Gg N) and reduced wet (14.8 Gg)
deposition (6.2 Gg N) occurred in the same month and year — October 2000. The max-
ima of monthly oxidised dry (6.7 GgN) and reduced dry deposition also occur in the
same month — October, but in different years: in 1995 for oxidised dry and in 2000 for
reduced dry deposition.

Seasonal and monthly variability is much higher for wet deposition than for dry de-
position (Fig. 8). This is the implication of large differences in monthly precipitation
amounts in the considered period. Most of the maxima in Fig. 8 can be noticed for the
autumn months, October and November, both for wet and dry deposition. In order to
detect the seasonal change of monthly total nitrogen deposition, we have calculated
minimum, maximum and average value for each month of the period 1995-2006. The
results are shown in Fig. 10. October and November are the months with the max-
imum of monthly deposition, whereas summer months June and July are those with
minimum of monthly deposition for the considered period. There is also a local maxi-
mum of monthly deposition in the spring months of March and April.

3.3 The effects of meteorological variability on the deposition

Meteorological variability plays an important role in determining the transport distance
and life time of the pollutants. A key question is to what extent different meteorologi-
cal conditions influence the main characteristics of transport and pollutant exchange.
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In order to study the impact of meteorology in detail, we have made model simulations
with constant emissions of 2006, but with varying meteorology for the years 1995-
2006. Such an experiment gives more insight into the importance of meteorology in
transporting pollutants.

Figure 10 shows the deposition of dry oxidised, wet oxidised, dry reduced and wet
reduced nitrogen into Baltic Sea for the period 1995-2006, resulting from the scenario
runs we made, i.e., using constant emissions of the year 2006 and meteorology of the
corresponding years from 1995-2006. The results presented in Fig. 10 — with constant
emissions are similar to those presented in Fig. 5 — with variable emissions, indicating
again a significant role of meteorological conditions in variability of computed wet de-
position of nitrogen. A large inter-annual variability can be seen in oxidised wet and
reduced wet deposition, whereas, inter-annual variability in oxidised dry and oxidised
wet deposition remains relatively low. There is a good correlation between annual wet
deposition to the Baltic Sea basin and annual average precipitation over the Baltic Sea
basin, indicating that precipitation is the main meteorological parameter influencing the
deposition. There is also slightly lower, but still good correlation between annual total
deposition and annual precipitation. However, precipitation alone cannot entirely ex-
plain the variability in the deposition. For example, a clear maximum of all kinds of
deposition, for the considered period, occurs in 2000, whereas, annual precipitation
for this year (662 mm) is only the third highest and much lower than the maximum of
precipitation in the year 1998 (791 mm). In this case, other than precipitation, meteo-
rological factors like annual patterns of wind direction, mixing height and temperature
play an important role in the deposition.

The time series of relative deposition of total nitrogen to the Baltic Sea basin is shown
in Fig. 11 for the period 19952006 and model run with 2006 emissions and variable
meteorology. The relative deposition is presented in % of the annual average value
for the entire period. The range of inter-annual variability is significantly changing from
87% to 117% of the average value. The influence of variable meteorological conditions
is especially visible for the period 1996-2003. The minimum of annual total deposi-
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tion occurred in 1997, whereas maximum in the year 2000. The difference between
maximum and minimum of annual total deposition is 30% and caused mainly by large
differences in wet nitrogen deposition. The inter-annual variability estimated with the
EMEP Unified model is much higher than the one calculated with the MATCH model
5.1-8% (Langner et al., 2009). However, these calculations have been performed for
different periods and this can be the reason.

The standard deviation of nitrogen deposition, from the model run with constant
2006 emissions, has been calculated for each grid square of the Baltic Sea basin
and expressed in % of average deposition for the period 1995-2006. The ranges of
standard deviation in the Baltic Sea basin for dry oxidised, wet, oxidised, dry reduced
and wet reduced deposition are 3—19%, 6—23%, 3—-23% and 7—-30%, respectively. The
standard deviation of total nitrogen deposition is in similar range 4-21%. The range
of standard deviation for precipitation is also similar, but the minimum value is higher
compared to deposition: 11-23%.

4 Source allocation of nitrogen deposition

Air concentrations and wet deposition of nitrogen compounds in the Baltic Sea region
can be estimated both from measurements and from the model calculations. However,
the identification of the main emission sources contributing to nitrogen deposition into
the Baltic Sea basin can be only obtained from the results of the model run. Therefore,
the calculation of source-receptor relationships is one of the most important tasks for
the EMEP Unified model.

The source allocation budget for the Baltic Sea basin has been calculated for the 10-
year period: 1997-2006, following the needs of the Baltic Sea Action Plan (HELCOM,
2010). The results of these calculations as a list of top ten contributors to annual
oxidised, reduced and total nitrogen deposition to the Baltic Sea basin, averaged over
the period 1997-2006 are shown in Table 3.
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Germany is the number one contributor to all kinds of nitrogen deposition, followed
by Poland and Denmark among the HELCOM Contracting Parties. A significant role of
long range transport and distant sources in contribution to oxidised nitrogen deposition
is marked by United Kingdom in the second position followed by North Sea ship traffic
and France. The average, over the 1997-2006 period contribution of Germany, United
Kingdom and Poland to oxidised nitrogen deposition into the Baltic Sea basin is 16,
11 and 10%, respectively. The joint emissions from HELCOM Contracting parties and
ship emissions from the Baltic Sea contribute 54% to oxidised nitrogen deposition.

The role of distant sources is not so large, but also visible in case of reduced ni-
trogen deposition, with France being the fifth largest contributor with 4% of the total
reduced nitrogen deposition. Germany is again the largest contributor with the whole
24% followed by Denmark (17%) and Poland (14%). The sum of all sources from the
HELCOM Contracting Parties, contribute 64% to reduced nitrogen deposition.

The contribution of Germany to total nitrogen deposition (20%) is almost twice as
high as number two on the list Poland (12%) and number three Denmark (10%). There
is also a substantial contribution, 7%, of one distant source — United Kingdom to total
annual average nitrogen deposition to the Baltic Sea basin. The contribution of all
sources from HELCOM Contracting Parties and ship emissions from the Baltic Sea to
total nitrogen deposition is 54%.

The contribution of main sources to annual nitrogen deposition for each year of the
period 1997-2006 is relatively stable (Fig. 12). Germany dominates the picture with
18—22% depending on the year and with tendency of slightly increasing contribution
with time. There is also a systematic increase of contribution from the international
ship traffic on the Baltic Sea from 4% in 1997 to 5% in 2006. The second major con-
tributor — Poland remains on similar level, mostly between 11 and 12%. On the other
hand, a certain decrease can be observed in the contributions from Denmark, Sweden
and a distant source — United Kingdom. These reductions reflect, to a large extent,
the reductions in nitrogen oxides and ammonia emissions, in the above mentioned
sources, in the period 1997—-2006.
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5 Conclusions

The aim of this study was the estimation of atmospheric nitrogen deposition to the Baltic
Sea basin and identification of main emission sources contributing to the deposition.
The same version (rv3.1) of the EMEP Unified model and consistent meteorological
and emission data have been used for calculating nitrogen deposition and source allo-
cation budget.

Atmospheric nitrogen deposition into the Baltic Sea basin has been calculated for
the period of 12years: 1995-2006. The level of annual total nitrogen deposition into
the Baltic Sea basin has changed from 230 GgN in 1995 to 199 GgN in 2006, decreas-
ing 13%. This value corresponds well with the total nitrogen emission reduction (11%)
in the HELCOM Contracting Parties. Wet deposition was higher than dry deposition
(63—70% of total deposition) and oxidised deposition was slightly higher than reduced
deposition (51-54% of total). A clear south-north gradient can be noticed in calculated
deposition fields of oxidised and reduced nitrogen (Fig. 4), reflecting the similar gradi-
ents in the emission fields of nitrogen oxides and ammonia (Fig. 2). This similarity is
also common for other years of the considered 12-year period.

The calculated monthly nitrogen deposition for each month of the 1995-2006 period
remain on similar level for most of the months during the year. Two exceptions are
October and November when maxima of monthly deposition can be noticed for the
considered period.

In general, the changes in nitrogen deposition in the considered period follow the
changes in nitrogen emissions, especially in the HELCOM Contracting Parties. How-
ever, inter-annual variation in annual deposition in the period 1995-2006 is large (79—
108% of 1995 value) compared to variation of annual nitrogen emissions (87—100%
of 1995 value). This fact can be explained by large inter-annual changes in meteoro-
logical conditions and especially in precipitation (86—127% of 1995 value). Analysis of
annual nitrogen emissions and deposition in the period 1995-2006 shows that in order
to evaluate and see the effects of nitrogen emission reduction, it is necessary to use
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a longer period than one or two years. Figure 7 indicates that the evaluation period
should not be shorter than five years.

The model run with constant emissions from the year 2006 and variable meteorology
in the period 1995-2005 shows that the differences between maximum and minimum
deposition of oxidised wet and reduced wet nitrogen are large, 35% and 45% respec-
tively, of the average value for the entire period. The differences between maximum
and minimum deposition of oxidised dry and reduced dry nitrogen are much lower 17%
and 24%, respectively. These results confirm again that large inter-annual variability in
computed nitrogen deposition is mainly caused by variable meteorological conditions
and precipitation first of all.

The distribution of standard deviation of total nitrogen deposition over the Baltic Sea
basin has been used as a measure of inter-annual variability. A clear south-north
gradient can be noticed in this distribution with minima located in the south, where the
maxima of average deposition can be found and maxima of the standard deviation in
the Northern part of the Baltic Sea basin close to minima of the average deposition. In
the places where the deposition is low the influence of the transport pattern is much
higher than in the places with relatively high levels of the deposition.

The results presented here suggest that in order to improve accuracy of computed
deposition and source allocation budget, not only accurate emission inventories are
necessary, but meteorological data of good quality as well.

Germany is the number one contributor to all kinds of nitrogen deposition, followed
by Poland and Denmark among the HELCOM Contracting Parties. A significant role of
long range transport and distant sources in contribution to oxidised nitrogen deposition
is marked by United Kingdom in the second position and by presence of North Sea ship
traffic and France on the list. The average, over the period 1997-2006 contribution of
Germany, United Kingdom and Poland and Denmark to total nitrogen deposition into
the Baltic Sea basin is 20%, 12% and 10%, respectively. The contribution of main
sources to annual nitrogen deposition is relatively stable. Contribution of Germany is
within the range 18-22% with slightly increasing tendency. There is also a systematic
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increase of contribution from the international ship traffic on the Baltic Sea from 4% in
1997 to 5% in 2006. Contribution from Poland remains on, more or less, the same level
mostly between 11% and 12% and range of contribution from Denmark is 8—11%.
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Table 1. Annual emissions of oxidised nitrogen in HELCOM Contracting Parties in the period
1995-2006. Units: Gg NO, peryear.

HELCOM Contracting Party

Year Denmark Estonia Finland Germany Latvia Lithuania Poland Russia Sweden
1995 252.7 38.5 258.0 2131.1 40.9 64.6 1121.0 2788.4 270.5
1996 290.0 41.4 268.1 2050.3 42.6 64.2 1155.0 2688.1 260.7
1997 244.2 40.2 258.9 1975.6 40.9 63.4 1114.0 2628.9 249.8
1998 221.2 38.9 251.1 1939.5 38.7 65.4 991.0 27585 241.8
1999 205.4 34.5 247.0 1915.7 36.6 57.4 953.0 2795.9 230.1
2000 187.6 36.7 235.3 1854.7 34.4 48.7 838.0 2666.3 2171
2001 183.7 37.7 219.7 1762.8 37.9 47.0 847.9 2801.2 210.8
2002 180.8 40.1 207.6 1674.1 36.8 51.3 796.0 2927.5 205.5
2003 189.0 39.2 217.6 1604.7 38.2 52.6 808.1 3368.8 202.7
2004 171.4 36.8 204.7 1554.3 38.8 54.7 804.2 3356.2 197.4
2005 185.8 32.1 177.4 14431 411 57.6 810.9 3356.2 204.9
2006 185.3 30.5 192.8 2131.1 43.8 61.4 889.6 3634.9 174.6
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Table 2. Annual emissions of ammonia in HELCOM Contracting Parties in the period
1995-2006. Units: Gg NH; peryear.

HELCOM Contracting Party

Year Denmark Estonia Finland Germany Latvia Lithuania Poland Russia Sweden
1995 113.8 12.1 34.8 642.1 15.1 34.1 378.0 908.1 63.8
1996 109.9 11.0 36.2 645.3 14.3 36.1 363.0 826.8 61.3
1997 109.6 11.2 37.6 636.5 141 38.1 349.0 806.2 61.7
1998 111.0 11.1 35.4 643.6 13.2 39.7 369.0 746.5 61.0
1999 105.9 9.6 33.1 649.6 12.0 415 340.0 727.0 58.8
2000 105.4 8.8 33.0 645.9 12.1 43.5 321.0 7194 58.2
2001 104.5 9.0 33.2 659.4 13.6 44.7 328.4 692.2 56.6
2002 101.7 9.1 33.3 649.3 135 46.1 325.0 665.1 56.8
2003 97.7 9.6 33.2 648.3 14.2 47.4 322.6  665.1 56.0
2004 97.8 9.7 33.3 640.7 13.2 48.7 3165 673.8 56.4
2005 92.5 9.3 36.2 619.4 13.9 39.4 326.5 673.8 52.4
2006 89.5 9.3 36.4 620.8 14.6 35.0 286.8 653.2 52.0
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Table 3. Top ten contributors to annual oxidised, reduced and total nitrogen deposition to the
Baltic Sea basin averaged over the period 1997-2006. Units: Gg N peryear. Source codes:
DE — Germany, PL — Poland, DK — Denmark, GB — United Kingdom, SE — Sweden, BAS —
international ship traffic on the Baltic Sea, FR — France, RU — Russian Federation, NOS —

international ship traffic on the North Sea, FI — Finland, NL — The Netherlands.

Oxidised N Reduced N Total N
Rank Source Deposition \ Source Deposition \ Source Deposition
1 DE 17.38 DE 23.31 DE 40.69
2 GB 11.91 DK 16.36 PL 24.70
3 PL 11.24 PL 13.46 DK 20.18
4 BAS 10.95 SE 8.38 GB 14.48
5 NOS 7.11 FR 3.85 SE 12.82
6 RU 5.49 Fl 3.15 BAS 9.42
7 FR 5.29 NL 3.13 FR 9.15
8 SE 4.44 UA 3.04 RU 8.02
9 DK 3.83 GB 2.57 NOS 6.82
1 Fl 3.65 RU 2.53 Fl 6.80
1821
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Fig. 1. Standard computational domain of the EMEP Unified model (external frame) and re-
duced domain (internal red frame) where computations of nitrogen deposition were performed
for the period 1995-2006.
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Fig. 2. Spatial distribution of annual 2006 nitrogen dioxide emissions (left) and annual 2006 am-
monia emissions (right) in the model grid covering the Baltic Sea region. Units: Mg N per year

and per grid.
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Fig. 3. Annual emissions of nitrogen oxides (NO,-N) and ammonia (NH5-N) from all HELCOM
Contracting parties and annual nitrogen oxides emissions from the international ship traffic on
the Baltic Sea (BAS-N) in the period 1995-2006. Units: Gg N per year.
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Fig. 5. Calculated annual deposition to the Baltic Sea basin of: dry oxidized, wet oxidised, dry

reduced and wet reduced nitrogen in the period 1995-2006. Units: GgN a’.
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period 1995-2006. Units: Percent of 1995 annual value.
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Fig. 11. Annual deposition of total nitrogen to the Baltic Sea basin for each year of the period
1995-2006 in % of the average value over the entire period. Results of the model run with
constant emissions from 2006 and variable meteorology.
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nitrogen deposition to the Baltic Sea basin. Deposition is calculated with constant emissions
from 2006 and variable meteorology for all years. Standard deviation is expressed in % of

average deposition for each model grid square.
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Fig. 13. Time series of main contributions to annual deposition of total nitrogen into the Baltic
Sea basin in the period 1997—2006. Contributions are in % of annual total deposition into the
Baltic Sea basin for each year. Source codes: DE — Germany, PL — Poland, DK — Denmark,
GB — United Kingdom, SE — Sweden, BAS — international ship traffic on the Baltic Sea.
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