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This study produced a gridded database of acidifying and eutrophying deposition in the 
Baltic Sea and its drainage basin for the period 1960–2006. Data from various data sets 
were combined to generate monthly atmospheric (wet) deposition of cations (Ca2+, Mg2+, 
Na+, K+ and NH4

+) and anions (SO4
2–, NO3

– and Cl–). Output of a chemical transport model 
and interpolated measurements were used, and when these were not available, trends and 
seasonal cycles were constructed from historical emissions and deposition data. These 
methods lose some spatial patterns, but the mean trends reflect the influence of east-Euro-
pean emissions more than earlier studies with more westerly-centred observations. The 
calculated depositions of sulphur, nitrogen and calcium (correlated with sulphur emission) 
increased from 1960 to 1990 and then decreased until 2006. The trend is most evident for 
sulphur with a 100% increase followed by a 73% decrease.

Introduction

Deposition of various chemical compounds 
(anthropogenically or naturally generated) 
affects biogeochemical processes in soils and 
waters. Over recent decades, attention has 
focused on acidifying or neutralising com-
pounds. Here, we focus on deposition of cations 
(e.g. Ca2+, Mg2+, Na+, K+ and NH4

+) and anions 
(e.g. SO4

2–, NO3
– and Cl–), which varies greatly 

both temporally and spatially.
Different ions have different sources. The 

uncharged form of sulphur is sulphur dioxide, 
SO2. Sources of SO2 are burning of fossil fuels as 
well as smelters, paper mills, volcanoes and nat-

ural fires (Mylona 1996, Vestreng et al. 2007). 
When sulphur dioxide reacts with water vapour 
or liquid, sulphuric acid (H2SO4) is formed. In 
liquid water, the sulphate ions, SO4

2–, dissolve. 
Ocean spray is also a source of sulphate. Emis-
sion and deposition of sulphur started to increase 
drastically in Europe after the Second World War 
and peaked in the 1970s. Since the beginning 
of the 1980s, emissions and depositions have 
decreased rapidly due to emission abatement 
protocols (Mylona 1996, Vestreng et al. 2007, 
Tørseth et al. 2012).

The uncharged forms of nitrogen are nitrogen 
oxides, NOx (NO and NO2) and ammonia (NH3). 
These originate mainly from motor vehicles, 
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power plants and waste disposal systems. The 
nitrogen oxides react with water vapour to form 
nitric acid. In liquid water, they form a solu-
tion of nitrate ions, NO3

–. Deposition of nitrate 
peaked in Norway and Sweden around 1990 and 
has decreased at a modest rate since then. For 
example, in Sweden nitrate deposition decreased 
by 25% between 1995 and 2006 (Skjelkvåle 
et al. 2001, Bertills et al. 2007, Vestreng et al. 
2009, Colette et al. 2011). Ammonia is emit-
ted from agriculture and livestock, and forms 
ammonium ions, NH4

+, when dissolved in water. 
If the negative acidifying ion charge concentra-
tion is not balanced by base cations, H+ ions are 
solvated and pH decreases.

The main source of Na+, Mg2+ and Cl– is sea 
salt. Potassium is released mostly from forest 
fires and wood burning, while Ca2+ in deposition 
originates mainly from the cement industry, steel 
production, power generation and soil particles 
(Lee and Pacyna 1999, Lee et al. 1999). These 
ions keep or gain their charge as ions when dis-
solved in water, for example, in cloud droplets 
or microdroplets generated by breaking waves 
or industrial emissions. The long-term trends of 
base cations have not been as intensely investi-
gated as those of sulphur and nitrogen, but there 
is evidence that both emission and deposition 
in Europe over the last decades are decreasing, 
especially for calcium (Hedin et al. 1994, Lee et 
al. 1998).

Hereafter, the sulphur and nitrogen mass parts 
of deposited sulphate and nitrate are referred to 
as oxidised sulphur (OXS) and nitrogen (OXN), 
respectively. The nitrogen mass part of ammo-
nium is denoted as reduced nitrogen (RDN).

Recently, the decreasing trend in pH of 
the ocean has received research attention (e.g. 
Doney et al. 2007, Andersson et al. 2008). 
Lower pH may affect biological processes such 
as photosynthesis, metabolism and fertilisation 
and may inhibit the formation of calcium car-
bonate in the shells of many organisms (Anders-
son et al. 2008). Due to the ability of CO2 to dis-
solve in water, precipitation is naturally acidic. 
The preindustrial atmospheric CO2 concentration 
of 280 ppm yields pH of 5.7 in rainwater (Jacob 
1999). In absence of other acidifying sources, 
pH of rainwater in equilibrium with the present-
day atmospheric CO2 concentration of about 390 

ppm is about 5.5. Precipitation with pH below 5 
is regarded as acidic (Jacob 1999). When inves-
tigating decreasing pH of the oceans, increasing 
CO2 in the atmosphere is more important than 
acid deposition, at least at some distance from 
coasts (Doney et al. 2007). This also seems true 
for the Baltic Sea (Omstedt et al. 2010). Model 
studies have shown that the strong eutrophica-
tion of the Baltic Sea, starting in the 1950s, has 
amplified the seasonal variation of pH and may 
also have damped the acidification of the Baltic 
Sea surface waters (Omstedt et al. 2009).

Reliable data on deposition are vital for the 
ability to model processes in the drainage area 
in order to understand the system and be able 
to make predictions for the future with regard 
to such processes as acidification and recovery 
(Cosby et al. 1985), weathering (Garrels and 
Mackenzie 1967, Mortatti and Probst 2003), and 
eutrophication in the sea (Omstedt et al. 2009, 
2010, Bartnicki et al. 2011).

In the present study, we estimate the distri-
bution of atmospheric deposition of Ca2+, Mg2+, 
Na+, K+, Cl–, SO4

2–, NO3
–, NH4

+ with a monthly 
resolution for the period 1960–2006. The focus 
is on the Baltic Sea drainage basin (Fig. 1a) 
including the east-European part where measure-
ments are scarce.

The data used for the deposition estimates in 
this investigation are based primarily on existing 
simulations from the European Monitoring and 
Evaluation Programme (EMEP) chemical trans-
port model (oxidised sulphur and nitrogen and 
reduced nitrogen) for 1995–2006, and interpolated 
measurement data from the EMEP programme 
(base cations and chloride). When model data or 
measurement data are not available, a transport 
model driven by gridded emissions and mete-
orology can be used. Thus Fagerli et al. (2007) 
for example, used the EMEP model with emis-
sion input from EDGAR-HYDE to compare local 
sulphate and ammonium aerosols with ice cores 
from the Alps covering the period between 1920 
and 2003 with encouraging results. However, 
long model simulations covering several decades 
require extensive computer resource. Base cations 
are not included in our transport model (as in 
most transport models). Van Loon et al. (2005) 
implemented base cations in the EMEP model and 
ran it for the year 2000. However, his version was 
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not available for the present study. To overcome 
these limitations, we chose to statistically esti-
mate the deposition fields using data from avail-
able data sources. Trends of annual deposition 
were estimated from historical emissions from 
the EDGAR-HYDE data set (SO2, NOx and NH3), 
assuming a constant relative importance of long-
range transport during the period.

Models and measurements

Data on deposition of oxidised sulphur and nitro-
gen and reduced nitrogen were taken prima-
rily from the EMEP chemical transport model, 
whereas data on deposition of chloride, base 
cations and precipitation were taken from the 
EMEP cooperative programme. Missing deposi-
tion data for sulphur, nitrogen and calcium from 
1960 to 1989 were estimated from the EDGAR-
HYDE emission data set, assuming that the 
trends in emissions and depositions were equal. 
The other ions were assumed to follow a mean 
seasonal cycle and a mean spatial distribution 
over the whole period with no temporal trends.

EMEP measurement network

The network of the cooperative programme for 
monitoring and evaluation of the long-range 
transmission of air pollutants in Europe (EMEP) 
has measured pH of precipitation as well as air 
concentrations and wet deposition of many com-
pounds. The parameters are given in Hjellbrekke 
and Fjæraa (2007). Measurements started in Octo-
ber 1977 in Norway, but only after 1990 was the 
network dense enough to be used to generate a 
gridded database for the parameters of interest 
here. Concentrations of the compounds are meas-
ured either by using bulk or wet-only sampling 
methods and are chemically analysed using ion 
chromatography, or by spectrophotometry. For 
detailed descriptions of the sampling and analyti-
cal methods, see EMEP/CCC (2002). Dry depo-
sition is not measured in the EMEP programme 
because of the difficulties associated with it. There 
are several direct and indirect methods, but they 
require considerable monitoring and are associ-
ated with uncertainties (Erisman et al. 1994).

We used monthly weighted average concen-
trations of sulphur, nitrogen compounds, chlo-
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Fig. 1. (a) the Baltic sea drainage basin used for the interpolations of observations (taken from GriD-arendal data 
base); (b) the source area defined for the eDGar-hYDe emission data (dots indicate emeP measurement sta-
tions). circles show the stations used for validation in section ‘evaluation of methods’.
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ride and base cations in wet deposition from the 
EMEP measurements. Deposition is calculated 
by multiplying the weighted concentrations in 
precipitation by the amount of precipitation. Of 
all the stations used in this study for longer or 
shorter periods between 1990 and 2006 (see Fig. 
1b and Appendix), about 50 were working simul-
taneously. However, there are still relatively few 
stations in the eastern part of Europe.

EMEP model

The Unified EMEP Model (https://wiki.met.no/
emep/page1/emepmscw_opensource) is a chemi-
cal transport model with a ca. 50 ¥ 50 km2 (at 
60°N) grid covering Europe. It has 20 levels of 
terrain-following sigma type vertical coordinates 
and a 20-min time step (chemistry subroutine of 
order 1 min). The meteorological input is from 
PARLAM-PS, which is a version of the Norwe-
gian operational numerical weather prediction 
model HIRLAM (High Resolution Limited Area 
Model). The emission input is from gridded 
annual national emissions of SOx, NOx, and 
NH3 reported along with other compounds like 
particulates and carbon monoxide by countries 
in official national emissions reports under the 
LRTAP Convention (Vestreng 2003). The emis-
sions differ slightly from the EDGAR-HYDE 
data. Height distribution of the emission sources 
is used and the sources are divided into 10 
source-sectors (Simpson et al. 2003).

The chemistry part of the model includes 56 
long-lived and 15 short-lived species, chemical 
reactions, phase changes and solubility in water. 
Land use is divided into 16 classes and affects the 
rate of dry deposition (through resistances, turbu-
lence, stomatal and non-stomatal and canopy con-
ductance). Biogenic emissions and the seasonal 
cycle are accounted for. The wet deposition data 
use in-cloud physics and water-dependent chemi-
cal reactions. For more details see the model (ver. 
1.8) description in Simpson et al. (2003).

In this study, the model output was provided 
by the Norwegian Meteorological Institute. Three 
different versions of the model were used: ver. 
2.6.2 (Tarrasón et al. 2006) for the period 1990–
2004, ver. 2.7 (Tarrasón et al. 2007) for 2005, 
and ver. 3.0.5 (Tarrasón et al. 2008) for 2006. 

The changes between versions ver. 2.6.2 and ver. 
3.0.5 are not significant for the acidifying and 
eutrophying compounds. Until 2000 and prob-
ably 2006 as well, the EMEP model performance 
is fairly constant in time (Fagerli et al. 2003), 
but depends on the coverage and quality of the 
measurement data. In the evaluation of the model 
against the EMEP measurements for the year 
2005, Tarrasón et al. (2007) found that modelled 
wet deposition of sulphur was on average under-
estimated by 8%. Wet depositions of oxidised and 
reduced nitrogen were underestimated on average 
by 32% and 19%, respectively. The model grid 
size seems to be too coarse for ammonia and 
ammonium due to large gradients in the deposi-
tion field. It should however be mentioned that 
in the later version, 3.0.7, the reaction rate of the 
nighttime production of HNO3 was updated. This 
resulted in basically unchanged wet deposition 
of ammonium, but even lower wet deposition of 
oxidised nitrogen, up to 20% over Denmark and 
the Benelux countries, and 5%–10% lower for 
most of Europe (Tarrasón et al. 2008).

In this investigation, both dry and wet depo-
sitions of S and N on a monthly time scale were 
used and analysed.

EDGAR-HYDE emission data set

Emission data were taken from the global grid-
ded (1° ¥ 1°) EDGAR-HYDE 1.3 data set (van 
Aardenne et al. 2001), which contains global 
anthropogenic emissions of NOx, SO2, NH3, 
among others species, in 10-year intervals. This 
data set is derived from historical activity data 
from HYDE (Hundred Year Database for Inte-
grated Environmental Assessments 1890–1990), 
supplemented with other data. It builds on the 
data and methodology of the Emission Database 
for Global Atmospheric Research (EDGAR 2.0, 
Olivier et al. 1999). Emissions that are reported 
by countries in National Inventory Reports 
(NIR) to UNFCCC are divided into sectors, such 
as industry, power generation and road transport. 
A linear interpolation of the emissions was used 
to fill in the gaps between the 10-year intervals 
of EDGAR-HYDE 1.3.

A newer emission data set (EDGAR 3.2, 
Olivier and Berdowski 2001) that was available 
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for 1990, 1995 and 2000 was compared with the 
EMEP model output to find the dominant domain 
for emission sources responsible for the deposi-
tion in the Baltic Sea and its drainage basin. The 
choice of the domain for the emissions (assumed 
to be the same for all compounds) was based on 
finding similar trends in emissions and modelled 
deposition of SO2 and sulphate, and in NOx 
emission and nitrate deposition over the Baltic 
Sea drainage basin between 1990 and 2000. The 
domain for the emissions was assumed to be 
rectangular in a polar coordinate system. Because 
of these rather rough approximations, a perfect 
fit for both nitrogen and sulphur could not be 
achieved. The EDGAR 3.2 data include the emis-
sion sectors available in EDGAR 2.0, but also 
include international air and water transport. In 
the present study, it is assumed that the emissions 
from the international air and water transport 
sector were proportional to the emissions from 
all other sectors until 1990. The resulting domain 
(49.5°N to 66.5°N and 8.5°E to 30.5°E) has a 
centre towards the southwest as compared with 
the Baltic Sea drainage basin because of the pre-
vailing south-westerly wind direction (Fig. 1b).

Missing data reconstruction 
methods

The aim of the study was to construct a database 
of acidifying and eutrophying deposition over 
the Baltic drainage basin for the period 1960–
2006, and to analyse and evaluate the result. For 
the period 1960–1990, when no or only limited 
data were available, measurements, emissions 
and model data were used to make interpolations 
and extrapolations on the assumption that there 
are typical seasonal variations in deposition for 
each species. We also assumed a constant rela-
tive importance of long-range transport.

Sulphur and nitrogen

For the years 1990 and 1995–2006, dry and wet 
deposition of sulphur and nitrogen compounds 
were extracted from the EMEP model base run 
results. The grid resolution was 0.44° ¥ 0.44° 
(about 50 ¥ 50 km).

time interpolation and extrapolation

For the period 1960–1989, emission data from 
EDGAR-HYDE (described in the EDGAR-
HYDE subsection) were used to estimate the 
trend in deposition for each species (SO2 for 
OXS, and so on) using an annual resolution. To 
obtain monthly resolution, an average seasonal 
cycle was derived for each grid point based 
on the years 1990 to 2006. We normalised the 
cycle by the annual average. Hence, the relative 
change during the year was maintained together 
with other annual averages.

For the period 1990–1995, the annual deposi-
tion was derived by interpolating depositions for 
the years 1990 and 1995 from the EMEP model. 
The seasonal cycle was obtained by multiplying 
the annual values by the normalised seasonal 
cycle.

For 1990, we had the data for both deposition 
and emission. These data were used to derive a 
scaling factor for the deposition and emission 
data for each grid point and species. This scaling 
factor was then used to calculate depositions for 
the years 1960 to 1989 by scaling the emission 
data (assuming that the ratio between deposition 
and emission does not vary for this period). In 
addition, the normalised seasonal cycle derived 
for 1990–2006 was used to estimate the monthly 
deposition. Different methods were applied to 
different chemical species and periods (see sum-
mary in Table 1).

Interpolation and extrapolation were used 
with regard to oxidised sulphur in the Baltic Sea 
and its drainage area (Fig. 2). Discontinuity of 
the emission curve (Fig. 2a) is the result of the 
lack of data on emissions from the air and water 
transport sectors until 1990, as discussed in the 
EDGAR-HYDE subsection. A similar procedure 
was applied to reduced and oxidised nitrogen as 
well as calcium (see Results).

Measurements of base cations and 
chloride (elemental ions)

Monthly data from stations with daily meas-
urements of precipitation amounts and concen-
trations for the period 1990–2006 were used 
for base cations and chloride. Only months for 
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Table 1. summary of the methods used to estimate the deposition fields of oxidised sulphur (oXs), oxidised (oXn) 
and reduced (rDn) nitrogen, base cations and chloride during the different periods.

 1960–1989 1990–1994 1995–2006

oXs, oXn, rDn annual trend from emeP model 1990, emeP model
 emissions of so2, nox 1991–1994: linear annual
 and nh3 and mean trend and mean seasonal
 seasonal cycle from cycle from 1995–2006
 1995–2006. scaling
 based on 1990 deposition
 and emissions
ca2+ annual trend from emeP measurements emeP measurements
 emissions of so2 and
 mean seasonal cycle from
 1995–2006. scaling
 based on 1990 deposition
 and emissions
na+, mg2+, K+, cl– mean annual cycle of emeP measurements emeP measurements
 emeP measurements
 1990–2006
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Fig. 2. reconstruction of 
oxidised sulphur deposi-
tion (oXs); (a) emissions 
for the area shown in Fig. 
1b; (b) modelled annual 
deposition in 1990–2006 
averaged over the Baltic 
sea and its drainage basin 
(see Fig. 1a); (c) con-
structed monthly deposi-
tion averaged over the 
Baltic sea and its drain-
age basin (see Fig. 1a).
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which chemical analyses of precipitation were 
available for at least 80% of the days were used. 
This condition resulted in 87 different EMEP 
stations but only 37–58 simultaneous measure-
ments of acid and base deposition dependent 
on year and species (fewer for base cations 
compared to OXS and OXN). For missing days 
it was assumed that the concentrations in the pre-
cipitation were equal to the mean concentration 
of the days with measurements. For short periods 
this could cause large errors, but in a climato-
logic sense it is probably of little significance.

spatial interpolation

The measurements were spatially and geometri-
cally interpolated to a 0.5° ¥ 0.5° grid, using 
triangle-based cubic interpolation. The choice of 
a geometrical interpolation (using the logarithm 
of data values) was done assuming that deposi-
tion decreases quickly close to sources and to 
avoid overestimation in areas of high deposi-
tion. In regions outside the EMEP observation 
network, a background field based on existing 
measurements was interpolated with southward 
or westward gradients (in the direction of the 
increase) using a monthly resolution. For the 
sea salt ions Na+, Mg2+ and Cl–, an east–west 
exponential gradient was applied because depo-
sition is expected to be large close to the Atlantic 
Ocean and the North Sea, and to decrease with 
distance from the coasts. The brackish Baltic Sea 
water is assumed not to contribute significantly 
to sea salt. Soil dust is an additional source of 
Mg2+, but this amount was assumed smaller 
than the sea-salt part of Mg2+ in the investigated 
area as an approximation for the orientation of 
the background deposition gradient (see discus-
sion in ‘Evaluation of methods’). The source of 
K+ is forest fires, which are rather common in 
the Mediterranean regions of Europe. Eastern 
Europe could also be a large source, but we 
approximated the background field as a north–
south gradient. Ca2+ deposition has two main 
sources, sea salt and anthropogenic emissions. 
The sea salt part of Ca2+ deposition was expected 
to have a westward gradient, while the anthro-
pogenic part was assumed to have a south–east-
ward gradient (Semb et al. 1995). The combina-

tion yielded an approximately southward gradi-
ent since the anthropogenic component is larger 
than the sea salt part.

Measured oxidised sulphur and oxidised and 
reduced nitrogen were also interpolated to the 
0.5° ¥ 0.5° grid to evaluate the performance of 
the interpolation method.

time extrapolation

The EMEP measurements cover the period 
1977–2006. However, as the observation net-
work is very coarse until the end of the 1980s, 
only data from 1990 on were used. For sea salt 
compounds (Na+, Mg2+, Cl–), it was assumed 
that there is no long-term trend in deposition. 
Emissions of potassium were also assumed to be 
constant. Thus the monthly mean spatial deposi-
tion fields for the period 1990–2006 were used to 
construct the data set for 1960–1989.

The sea salt part of calcium was calcu-
lated from the concentration of sodium as [Na+] 
¥ 10.0/457 (Granat 1972), with no temporal 
trend. The result was forced to be positive since 
analytical uncertainties can sometimes result in 
negative values. Since sea salt calcium was not 
expected to have a trend, it was calculated in the 
same manner as the other base cations. Anthro-
pogenic calcium emissions have decreased since 
around 1990 (Hedin et al. 1994, Lee et al. 1998). 
We could not find any long-term emission data in 
the literature, but we follow Larssen et al. (2001) 
in assuming that the relative trend in calcium 
emissions was the same as for SO2. Therefore, 
we used the same procedure as for sulphur and 
nitrogen for the period 1960–1990, as described 
in the sulphur and nitrogen subsection. The total 
calcium deposition before 1990 was calculated 
as the sum of sea salt and excessive Ca.

Evaluation of methods

The interpolated measurements of sulphur 
and nitrogen deposition were compared with 
the output from the EMEP model. The meas-
urements comprise concentrations of different 
chemical compounds in precipitation (i.e. the 
wet deposition). Therefore, only wet deposition 
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from the EMEP model was used in the compari-
sons. We used the model output as a reference 
in the relative distribution of deposition as it 
involves chemistry and the meteorological influ-
ence on dispersion and transport. In addition, 
precipitation and thus wet deposition measure-
ments are possibly underestimated due to insuf-
ficient shielding of the rain gauges, especially 
in wind-affected areas and for snow. For the 
Baltic Sea, Rutgersson et al. (2001) showed 
that when using different methods, precipitation 
estimates differ by 10% to 20% for larger areas 
and extended periods. This variation is of the 
same order as the corrections of synoptic sta-
tions due to wind and evaporation. Uncertainty 
increases in the presence of snow. Evaluation of 
sulphur and nitrogen deposition in this study also 
gives an indication of how much one can trust 
interpolations of deposition of base cations and 
chloride. We also evaluated the use of emission 
data to reconstruct sulphur, nitrogen and calcium 
deposition.

Interpolation

The period from 1995 to 2006 was used for the 
evaluation. For the comparisons, the interpolated 
data were transferred from a 0.5° database reso-
lution to the EMEP model grid. The large-scale 
spatial pattern of nitrogen and sulphur deposition 
in the EMEP model is captured by the interpola-
tion database (not shown). There is a north–south 
gradient in deposition with maxima over Den-
mark and southwestern Poland and minima over 
northern Scandinavia for all three compounds, 
which agrees well with the EMEP data (Fig. 3). 
As expected, the model gives a more detailed pic-
ture than the interpolation, for the interpolation is 
based on a limited number of sampling stations. 
The interpolation method overestimates deposi-
tion of all three compounds near the domain 
boundaries (Fig. 4), whereas deposition near the 
centre of the domain (i.e. over and around the 
northern Baltic Sea) is underestimated. Over the 
whole Baltic Sea, oxidised sulphur is underes-
timated by 14%; oxidised and reduced nitrogen 
by 2% and 17%. As compared with individual 
measurements, this finding is within the range of 
underestimation of sulphur and nitrogen deposi-

tion (8%–32%) in the EMEP model as (Tarrasón 
et al. 2007). Low OXS deposition may also 
be due to underestimated precipitation. In com-
parison with the re-analysis in ERA-40 (Uppala 
2005) for the period 1990–2001, precipitation 
was underestimated over some parts of the Baltic 
Sea and around the Swedish–Finnish northern 
border, probably due to winter snowfall and 
high-wind observation sites. Overestimation near 
domain boundaries shows that the background 
field based on the mean southward gradient of 
all stations is influenced too much by the high-
deposition measurements. As compared with the 
model output, deposition close to some of the 
EMEP stations with high depositions is overes-
timated. It is possible that the EMEP model does 
not capture some of the fine-scale structure of 
deposition because of its inability to resolve con-
vective precipitation events. Over the land area, 
OXS is still underestimated by 19%, in spite of 
overestimation close to the boundaries. Oxidised 
and reduced nitrogen is overestimated by 12% 
and 3% over the land areas.

The interannual variation in deposited OXS, 
OXN and RDN averaged over the Baltic drain-
age basin between 1995 and 2006 is captured 
rather well, with some small deviations (Fig. 5). 
The downward trend also shows a good agree-
ment between the methods but, as discussed 
above, OXS is underestimated.

The interpolation method seems to be influ-
enced more by the inland stations, whereas the 
EMEP model seems to exhibit a more marine 
influence on the seasonal cycle over a larger 
area. Analyses of measurements from the EACN 
network in northwestern Europe including Great 
Britain and Ireland (Granat 1978, Rodhe and 
Granat 1984) revealed different seasonal pat-
terns depending on the site. For sites close to the 
coast, excessive sulphur (i.e. non-marine sulphur) 
showed a maximum during winter, due to large-
scale precipitation associated with the intensified 
mid-latitude cyclones, while inland stations with 
more summer (convective and thus local) precipi-
tation showed a maximum during summer.

The seasonal variation of deposition in differ-
ent parts of the drainage area was also analysed. 
The drainage basin is divided into the Katte-
gat and Belt Sea/Øresund, including the Danish 
Islands (ca. 65 000 km2). The rest of the basin 
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Fig. 3. modelled annual 
oxidised sulphur (oXs) 
and oxidised (oXn) and 
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wet deposition for the 
years 1960, 1970, 1980, 
1990 and 2000. contour 
lines for every 50, 100, 
200, 500, 1000 and 2000 
mg m–2 are shown. thick 
contour lines denote 500 
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consists of the remaining Baltic Sea, includ-
ing islands and coastal areas (ca. 400 000 km2), 
and also the western and eastern land drainage 
basins divided by 20°E latitude (ca. 500 000 
and 1 000 000 km2). For OXS, the model output 
shows the highest deposition during winter (Fig. 

6a, d, g, j), except in the western land drain-
age basin. In the interpolated data, this pattern 
is seen only in the Kattegat/Belt Sea, while the 
other areas show a maximum during the summer. 
Modelled and interpolated depositions of OXN 
(Fig. 6b, e, h, k) show similar seasonal signals. 
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Fig. 4. Differences between interpolated and modelled (a) oxidised sulphur (oXs), and (b) oxidised (oXn) and (c) 
reduced (rDn) nitrogen depositions. thick contour lines denote zero difference.

Fig. 5. comparison of interpolated annual (wet) deposition of (a) oxidised sulphur (oXs), and (b) oxidised (oXn) 
and (c) reduced (rDn) nitrogen averaged over Baltic sea catchment area and modelled deposition with the emeP 
model. note the different scales.

For RDN (Fig. 6c, f, i, l), the EMEP model 
simulates deposition peaks in spring (March and 
April) and autumn (October) in all areas, while 
the data from the interpolation generally show 
high deposition from May to September/October. 
Thus there is a too strong inland influence on the 
interpolation field for RDN, as for OXN.

Since deposition of base cations and chloride 
is not modelled in the EMEP model, we cannot 
directly compare the interpolated measurements 
with deposition fields from another source. One 
can, however, assume that these data suffer from 
similar problems to that for deposition of nitro-
gen and sulphur. For instance, we can expect 

that local high deposition will affect too large 
an area of the domain, and that the deposition 
is overestimated at the boundary of the interpo-
lation domain. In van Loon et al. (2005), base 
cations were implemented in the EMEP model 
and run for the year 2000. The model included 
both natural and anthropogenic sources of the 
base cations. Their study was considered a first 
attempt to estimate base cation depositions. The 
Pearson coefficients of the correlation between 
this model and the EMEP measurements were 
between 0.53 and 0.78 (lowest for K+); the bias 
was negative in the range 2%–42% (largest 
for K+ and smallest for Na+). We can expect 
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that our data are better close to the measure-
ment stations, but the spatial pattern is probably 
better in the study by van Loon et al. (2005) in 
which the transport and deposition are physi-
cally described. As compared to our results, their 
results show Mg2+ and Na+ are higher over the 
Baltic Sea (Fig. 7), clearly due to the influence 
from the interpolated surrounding land measure-
ments. The minimum in Ca2+ deposition in our 
data is centred over the northern Baltic Sea, but 
in van Loon et al. (2005) it is more to the north. 
The east–west background gradient used for 

Mg2+ is at least justified in the larger part of the 
investigated area (Fig. 7) as inland deposition 
(partly soil dust) seems to be captured anyway 
by the meaurements. Deposition in the eastern-
most part of the drainage basin might however 
be underestimated.

The seasonal cycle for the sea salt ions has 
a strong marine influence since its maximum 
is during winter (Fig. 8), at least for Na+ and 
Cl–. For Ca2+ on the other hand, and K+ to a 
lesser extent, maximum deposition occurs during 
summer, indicating a strong source over the 

Fig. 6. averaged (1995–
2006) seasonal cycle of 
oxidised sulphur (oXs) 
and oxidised (oXn) and 
reduced (rDn) nitrogen 
deposition over (a–c) the 
Baltic sea (except Katte-
gat and Belt sea); (d–f) 
Kattegat and Belt sea; 
(g–i) its eastern drainage 
area; (j–l) western drain-
age area (defined by the 
longitude 20°e).
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continent. The Kattegat/Belt Sea shows a marine 
influence on Ca2+. From this it appears that the 
seasonal cycles of Cl– and base cations are rea-
sonable.

Hedin et al. (1994) and Lee et al. (1998) 
found downward trends over a period of at least 
ten years for all base cations in eastern North 
America, the UK and the Netherlands as well as 
in southern Sweden. The signal was strongest for 
Ca2+. Decreasing trends for the base cations can 
be a result of short-term variation in forest fires 
(K+), changes in wind patterns, and the effect 
of dust filters on relatively small anthropogenic 
emissions of the base cations mostly associated 
with sea salt. Our interpolated fields are in line 
with these investigations (Fig. 9), with a decreas-
ing trend in all elemental ions for the period 
1990–2006.

Reconstruction (years 1960 to 1989)

Deposition of sulphur, nitrogen and calcium was 
estimated from EDGAR-HYDE emissions of 

sulphur and nitrogen oxides and ammonia. The 
use of one domain for the emissions is a rough 
way to determine deposition in northern Europe, 
as the variability in wind and precipitation pat-
terns is not accounted for. Andersson et al. 
(2007) showed that meteorological interannual 
variability of around 20% was important for the 
deposition patterns of OXS and OXN. As in cli-
mate modelling, our focus is on capturing major 
trends and levels rather than modelling exact 
annual or seasonal depositions. Uncertainties in 
the year-to-year variations are not critical in this 
context. Instead of varying the emission domain, 
a climatic one was found by using the data 
from 1990–2006 and assuming the same average 
wind and precipitation conditions for the period 
1960–1990. This assumption can be justified as 
ERA-40 precipitation records show no signifi-
cant differences between the periods 1960–1989 
and 1990–2001. To compensate for the fact that 
scaling factors between deposition and emis-
sions vary in time because of changed weather 
patterns, one could use several years when esti-
mating these. We used one year, 1990, to ensure 
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Fig. 8. averaged (1995–
2006) seasonal cycle 
of monthly deposition of 
base cations and chloride 
ions over the Baltic sea 
(except Kattegat and Belt 
sea); Kattegat and Belt 
sea; the Baltic sea east-
ern drainage area; the 
Baltic sea western drain-
age area (delimited by the 
20°e longitude).

correspondence of the different methods at the 
overlap year. Thus, we obtained consistent trends 
for 1960–1990, and 1990–2005/2006.

Our constructed data-set trends were evalu-
ated in relation to measurements from the EACN 
network EACN, emission inventories other 
than EDGAR-HYDE, and numerical model-
ling for shorter periods. The increasing trends 

in the 1960s and the beginning of the 1970s 
(Table 2) are confirmed over the Nordic coun-
tries in Granat (1978) and Rodhe and Granat 
(1984). They found a 50% increase in sulphate 
concentration in precipitation, with the steepest 
increase in the first years of the 1960s. How-
ever, in the 1970s in the same area, concentra-
tions showed a decline or very small systematic 
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variation, except in Denmark where there was an 
increase (20%) (Granat 1978, Rodhe and Granat, 
1984). The overall decline was in fair agree-
ment with the change in emissions of SO2 in 
western Europe. In Finland, OXS trends between 
1973 and 1986 at 21 monitoring stations were 
insignificant (Vuorenmaa 2004). Granat (1978) 
speculated that deposition patterns were different 
in the years before and after 1970 as a result of 
changing weather patterns. The EDGAR-HYDE 
emission data show a larger increase in the 1970s 
as compared with that in the 1960s, indicating an 
increase of emissions in eastern Europe. These 
patterns are in qualitative agreement with the 
previously mentioned studies. The constructed 
deposition trends were also compared with 

measurements (based on monthly averages) of 
OXS, OXN, RDN and Ca from 4 EMEP stations 
(2 for Ca) in the period 1977–1989 (Fig. 10). 
There are some biases between the constructed 
data and the measurements, but the trends are 
rather similar for nitrogen. For sulphur the meas-
urements show insignificant trends or a peak 
in the early 1980s in Poland, in contrast to the 
positive emission trend of SO2 over the emission 
domain.

In an extensive study by Schöpp et al. (2003), 
emissions of sulphur and nitrogen (both oxides 
and ammonia) in Europe from 1880 to 2005 
were compiled and deposition was calculated 
every five years in a 1-year simulation with the 
EMEP model. The total European emissions of 
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Fig. 9. comparison of spatially interpolated annual deposition measurements of base cations and chloride aver-
aged over Baltic sea and its drainage basin.

Table 2. total and wet deposition of oxidised sulphur (oXs) and oxidised (oXn) and reduced (rDn) nitrogen depo-
sition over the Baltic sea and its drainage basin.

Year oXs total oXn total rDn total oXs wet oXn wet rDn wet
 (mg m–2) (mg m–2) (mg m–2) (mg m–2) (mg m–2) (mg m–2)

1960 775 299 340 519 168 234
1965 840 347 369 562 195 254
1970 906 395 399 606 222 275
1975 1029 455 432 689 256 298
1980 1152 516 466 771 289 321
1985 1353 513 456 906 287 314
1990 1551 510 445 1039 286 305
1995 881 386 333 603 219 230
2000 601 374 337 404 222 227
2005 436 317 296 282 176 195
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sulphur peaked in the 1970s while those of the 
nitrogen compounds peaked at the end of the 
1980s. The decrease after the peaks was largest 
for sulphur and smallest for ammonia. Mylona 
(1996) noted that the main sources of emis-
sions slowly moved eastwards. Vestreng et al. 
(2007) studied the EMEP emission inventory 
for the period 1980–2004 and concluded that 
SO2 emissions decreased in Europe in the 1980s 
but that the decrease was predominantly in 
western Europe. In central and eastern Europe, 
large reductions first occurred in the 1990s. The 
decrease in European emissions was small in the 
2000s, but by that time emissions were already 
low and there were no large differences between 
eastern and western Europe. This finding is simi-
lar to ours with regard to the deposition change 
from the year 1980, assuming that the emission 
sources affecting the Baltic Sea area are concen-
trated in central and eastern Europe.

The deposition results based on the EDGAR-
HYDE emission data do not mirror the spatial 
distribution of the deposition measurements in 
the EACN network well. Few deposition meas-
urements are included for the eastern part of the 
Baltic Sea drainage basin. It is possible that the 
estimated trends in deposition reflect the evolu-
tion in that part of the drainage basin. If one uses 
a larger emission domain, it should be noted 
that the emission reports from eastern Europe 
and especially the Kola Peninsula were deficient 
before 1990.

Calcium was the only base cation assumed 
to have a trend of anthropogenic origin. It has 
been suggested that the anthropogenic emissions 
of calcium approximately follow the emission 
trend of sulphur (Larssen et al. 2001). Our con-
structed Ca2+ deposition data show a peak around 
1990 (Table 2), similar to the sulphur emission 
trends in Europe. The approximation follows the 
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Fig. 10. comparison of 
the measured and con-
structed annual deposi-
tion of (a) oxidised sulphur 
(oXs), (b) oxidised nitro-
gen (oXn), (c) reduced 
nitrogen (rDn) and (d) 
calcium at four emeP 
sites. Years with missing 
data are omitted from the 
observations.
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downward trend in the measurements very well 
during the 1990s (Fig. 11), but between 1977 
and 1989 there is a rather weak correlation at 
Tustervatn (Fig. 10d). Ca is underestimated by 
the constructed data and the interannual vari-
ability is very large, which makes it difficult to 
evaluate sulphur emission trends before 1990. 
The Suwałki station has too few measurements 
to draw conclusions about the correlation. Hedin 
et al. (1994) found declines in concentration of 
base cations (total) in Sweden and the Nether-
lands from 1970 on, and this decline was domi-
nated by Ca2+. In southern Sweden, Ca deposi-
tion declined by 50% between 1983 and 1991. 
As with sulphur, there may have been a delay in 
the onset of decreasing trends in eastern Europe, 
making the decrease in Ca deposition start later 
in the Baltic Sea drainage basin. However, Hedin 
et al. (1994) showed that in terms of charge 
equivalent concentrations in the precipitation, 
the decline for base cations was only 34% of the 
OXS decline in the Netherlands and 54% to 68% 
of the SO4 decline in Sweden. This means that 
the decreasing trends for Ca in these areas are 
not as steep as for sulphur, and thus the decline 
in Ca cannot simply be related to SO2 emissions.

Results

Deposition of sulphur and nitrogen

We present here the constructed mean annual 

deposition fields of oxidised sulphur (OXS), 
oxidised nitrogen (OXN) and reduced nitrogen 
(RDN). The constructed data set of total (wet and 
dry) deposited sulphur and nitrogen is shown as 
annual deposition averaged over the Baltic Sea 
and its drainage basin every 5 years (Table 2). 
The long-term trend shows an increase between 
1960 and 1990 for OXS, by which time its depo-
sition doubled from 775 to 1551 mg m–2. Nitro-
gen compounds peaked around 1980 with an 
increase from 299 to 516 mg m–2 (70%) for OXN 
and 340 to 466 mg m–2 (35%) for RDN. Between 
1990 and 2005, OXS deposition decreased by 
72% from 1551 to 436 mg m–2 (44% decrease as 
compared with the value in 1960). For nitrogen 
the reduction since 1990 was from 510 to 317 
mg m–2 (39%) for OXN and 445 to 296 mg m–2 
(36%) for RDN. OXN deposition increased by 
6% as compared with that in 1960, while RDN 
deposition diminished by 13%. On average over 
the Baltic Sea and its drainage basin, 67% of 
the OXS deposition was wet from 1960 to 2006 
(Table 2). For OXN and RDN, respectively, 56% 
and 69% of the total deposition is wet (Table 2).

The constructed deposition fields for the 
years 1960, 1970, 1980 and 1990 as well as the 
annual deposition from 2000 from the EMEP 
model were analysed (Fig. 3). The relative pat-
tern is identical to that in all the years before 
1990 and is based on the averages for the period 
1995–2006 from the EMEP model. All three 
compounds show a north–south deposition gra-
dient with maxima over Denmark and south-
western Poland and minima over northern Scan-
dinavia.

The seasonal variation of deposition in dif-
ferent parts of the drainage area was also ana-
lysed (Fig. 6). For oxidised sulphur and nitrogen, 
the EMEP model gives a seasonal cycle with 
a peak during late autumn or winter and low 
values in summer. The cycle is most pronounced 
in the Baltic Sea (not including the Kattegat and 
the Belt Sea/Øresund). RDN has a more complex 
cycle with the highest values in late autumn and 
spring.

Deposition of chloride and base cations

In Fig. 7, we present the interpolated annual dep-
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Fig. 11. comparison of constructed annual deposition 
of calcium averaged over Baltic sea and its drainage 
basin based on emissions of so2 and interpolated 
measured deposition.
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osition fields for the base cations and Cl– in the 
period 1995–2006. Note that sea salt deposition, 
dominated by Na+ and Cl–, is more concentrated 
in the Atlantic Ocean and North Sea. The annual 
deposition of Cl– and all base cations except Ca2+ 
are also represented by these fields for the period 
1960–1989. The constructed annual deposition 
of Ca2+ over the Baltic Sea drainage basin is 
less than 1/5 of the sulphur deposition (Table 
3). Because the excessive part of OXS is used to 
calculate the excessive Ca2+, and only until 1990, 
there is no linear relationship between total OXS 
and Ca2+. The increase beyween 1960 and 1990 
is larger for Ca2+, from 129 to 275 mg m–2 
(113%), but the decrease after 1990 is smaller, to 
the 1960 value (55%).

In the years after 1990, there is a downward 
trend for Ca2+, but also for K+, and to some 
extent also for sea salt ions (Fig. 9). How-
ever, the year-to-year variation is large. Seasonal 
mean cycles of the sea salt ions (Fig. 8), typi-
cally reach a maximum during winter, at least 
for Na+ and Cl–. For Ca2+ on the other hand, and 
K+ to a lesser extent, the maximum is in summer. 
There are large geographical differences in the 
drainage basin, with higher deposition of sea salt 
ions (e.g. Na+ and Cl–) in the western parts (Kat-
tegat and western land drainage basin), while 
Ca2+ shows higher deposition in the eastern part.

Summary and conclusions

A long-term data set of atmospheric deposi-
tion of acidifying, neutralising and eutrophying 
compounds and major ions over the Baltic Sea 
drainage basin was constructed for the period 
1960–2006. The data used were primarily out-
puts from the European Monitoring and Evalu-
ation Programme (EMEP) chemical transport 
model (oxidised sulphur/SO4

2–, oxidised nitro-
gen/NO3

– and reduced nitrogen/NH4
+), or spa-

tially interpolated measurement data within the 
EMEP programme (base cations and chloride). 
When model or measurement data were not 
available or scarce (before 1990), deposition was 
either (1) estimated using historical emissions 
from the EDGAR-HYDE data set (sulphur diox-
ide, nitrogen oxides and ammonia for the years 
1960–1989) and applying a mean seasonal cycle; 

or (2) assumed to follow a mean seasonal cycle 
without a trend. The trend for calcium deposition 
was approximated using the same trend as for 
sulphur emissions, adding a background sea salt 
value correlated with sodium. As the focus was 
on long-term trends of deposition, year-to-year 
variation was omitted.

It is shown (in approximate agreement with 
other studies, e.g. Colette et al. 2011 and Tørseth 
et al. 2012) that the deposition of sulphur and 
nitrogen (reduced and oxidised) over the Baltic 
Sea drainage basin is now at approximately the 
same level as in the 1960s (oxidised nitrogen), 
or lower. This is due to the success in the reduc-
tion of sulphur and nitrogen emissions during the 
last decades. However, emission of neutralising 
calcium particles (for instance from cement pro-
duction and power generation) has also to a great 
extent been reduced. This has slowed down the 
recovery of pH in precipitation after about the 
year 2000.

To validate the methods used to estimate the 
historic depositions, the constructed database 
was compared with the output from the EMEP 
model and measurements from the EACN net-
work and earlier model studies. The interpola-
tion results indicate that spatial deposition pat-
terns were captured except on a local scale and 
over the Baltic Sea. The interpolated data under-
estimated the sulphur deposition in comparison 
with modelled deposition, and underestimated 
the oxidised and reduced nitrogen deposition. 
In many areas the measured values were prob-
ably underestimated due to wind losses due to 
precipitation. This could explain underestimates 
of sulphur, but not the overestimated nitrogen. 
The marine influence on the seasonal deposi-
tion cycle, with higher deposition during winter, 
was weaker in the interpolated field than in the 

Table 3. calcium deposition over the Baltic sea and its 
drainage basin.

Year ca (mg m–2) Year ca (mg m–2)

1960 129 1985 221
1965 140 1990 275
1970 150 1995 221
1975 170 2000 163
1980 189 2005 129
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EMEP model output. This indicates that land-
based stations had a higher influence on the field 
in the interpolation than in the EMEP model. 
The boundary area of the interpolation domain, 
outside the measurement stations, was affected 
by depositions that are too high in the applied 
background field.

Emission data were only available every ten 
years and were linearly interpolated, giving a 
rather coarse time resolution. Due to the constant 
emission area, the trends of deposition became 
constant in the Baltic Sea drainage basin. The 
trends in our data did not reflect the data from the 
EACN network, which has most of its stations in 
the western part of the drainage basin. We would 
agree with Schöpp et al. (2003) and Mylona 
(1996) that this indicates that the emission data 
are greatly influenced by eastern Europe, which 
has later maxima than western Europe. As we 
did not find early measurements of depositions 
in eastern Europe, we cannot quantitatively 
determine whether the trends are correct as aver-
ages over the drainage basin, but we should 
expect later maxima than in the western part. 
For calcium, the assumption that its deposition 
follows the sulphur emission trend was true after 
1990 that correspond with measurement data, 
while no conclusions could be drawn for the 
1980s because of the lack of measurement data 
for comparison. To conclude:

— A gridded database of deposition of cations 
(e.g. Ca2+, Mg2+, Na+, K+ and NH4

+) and 
anions (e.g. SO4

2–, NO3
– and Cl–) for the 

period 1960–2006 was derived using consist-
ent methods.

— Deposition of anthropogenic oxidised sul-
phur and nitrogen, reduced nitrogen and 
calcium in the Baltic Sea drainage basin 
increased from 1960 until the middle of the 
1980s (sulphur) or the beginning of the 1990s 
(nitrogen). Between 1990 and 2005, deposi-
tion decreased. The initial increase and final 
reduction as compared with the 1990 values, 
was the largest for sulphur (100% and 73%, 
respectively) and calcium (113% and 55%, 
respectively). For nitrogen the increases and 
reductions were smaller (for reduced nitro-
gen 37% and 39%, respectively, and oxidised 
nitrogen 72% and 38%, respectively).

The data set is a part of the Baltic-C database 
and will be available on request from the lead 
author.
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Appendix.measurement stations in the emeP network used in the investigation. initial letters in the emeP code 
indicate the country. site locations and descriptions are given at http://www.nilu.no/projects/ccc/index.html.

emeP code station name emeP code station name emeP code

at0002r illmitz ee0011r vilsandi no0001r Birkenes
at0003r achenkirch Fi0004r Ähtäri no0008r skreådalen
at0004r st. Koloman Fi0009r Utö no0015r tustervatn
at0005r vorhegg Fi0017r virolahti ii no0030r Jergul
Be0001r offagne Fi0022r oulanka no0035r narbuvoll
BY0004r vysokoe Fr0001r vert-le-Petit no0039r Kårvatn
ch0001G Jungfraujoch Fr0003r la crouzille no0041r osen
ch0002r Payerne Fr0008r Donon no0055r Karasjok
ch0003r tänikon Fr0009r revin no0099r lista
ch0004r chaumont Fr0010r morvan Pl0001r suwałki
ch0005r rigi Fr0011r Bonnevaux ro0003r semenic
cZ0001r svratouch Fr0014r montandon ro0004r Paring
cZ0003r Kosetice GB0004r stoke Ferry ro0005r Fundata
De0001r Westerland hr0002r Puntijarka rU0001r Janiskoski
De0002r Waldhof hU0002r K-puszta rU0014r Pushkinskie Gory
at0002r illmitz it0004r ispra rU0016r shepeljovo
at0003r achenkirch Fi0009r Utö rU0018r Danki
at0004r st. Koloman Fi0017r virolahti ii se0002r rörvik
at0005r vorhegg Fi0022r oulanka se0003r velen
Be0001r offagne Fr0001r vert-le-Petit se0005r Bredkälen
BY0004r vysokoe Fr0003r la crouzille se0008r hoburgen
ch0001G Jungfraujoch Fr0008r Donon se0011r vavihill
ch0002r Payerne Fr0009r revin se0012r aspvreten
ch0003r tänikon Fr0010r morvan se0013r esrange
ch0004r chaumont Fr0011r Bonnevaux si0001r masun
ch0005r rigi Fr0014r montandon si0008r iskrba
cZ0001r svratouch GB0004r stoke Ferry sK0002r chopok
cZ0003r Kosetice hr0002r Puntijarka sK0004r stará lesná
De0001r Westerland hU0002r K-puszta sK0005r liesek
De0002r Waldhof it0004r ispra sK0006r starina
De0003r schauinsland it0005r arabba sK0007r topolniky
De0004r Deuselbach it0005r arabba Pl0002r Jarczew
De0005r Brotjacklriegel lt0015r Preila Pl0003r Śnieżka
De0006r arkona lv0010r rucava Pl0004r Łeba
De0007r neuglobsow lv0016r Zoseni Pl0005r Diabla Góra
De0008r schmücke nl0002r Witteveen ro0001r rarau
De0009r Zingst nl0009r Kollumerwaard ro0002r stina de vale
De0003r schauinsland no0001r Birkenes ro0003r semenic
De0004r Deuselbach no0008r skreådalen ro0004r Paring
De0005r Brotjacklriegel no0015r tustervatn ro0005r Fundata
De0006r arkona no0030r Jergul rU0001r Janiskoski
De0007r neuglobsow no0035r narbuvoll rU0014r Pushkinskie Gory
De0008r schmücke no0039r Kårvatn rU0016r shepeljovo
De0009r Zingst no0041r osen rU0018r Danki
DK0003r tange no0055r Karasjok se0002r rörvik
DK0005r Keldsnor no0099r lista se0003r velen
DK0008r anholt Pl0001r suwałki se0005r Bredkälen
DK0022r sepstrup sande Pl0002r Jarczew se0008r hoburgen
ee0002r syrve Pl0003r Śnieżka se0011r vavihill
ee0009r lahemaa Pl0004r Łeba se0012r aspvreten
ee0011r vilsandi Pl0005r Diabla Góra se0013r esrange
Fi0004r Ähtäri ro0001r rarau si0001r masun
DK0003r tange ro0002r stina de vale si0008r iskrba
DK0005r Keldsnor lt0015r Preila sK0002r chopok
DK0008r anholt lv0010r rucava sK0004r stará lesná
DK0022r sepstrup sande lv0016r Zoseni sK0005r liesek
ee0002r syrve nl0002r Witteveen sK0006r starina
ee0009r lahemaa nl0009r Kollumerwaard sK0007r topolniky


