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This study concentrates mainly on the 12-year time trends of annual average 
ion concentrations in bulk precipitation from 10 Estonian monitoring sta-
tions. Trends revealed by the nonparametric Mann-Kendall test mostly show 
a statistically significant decline and, according to the order of ion decline 
per year, three groups of stations could be differentiated: stations directly 
affected by an industrial region, NE industrial region background stations 
and natural background stations. Under different international requirements 
Estonia has undertaken serious obligations to reduce emissions of air 
pollutants. Total SO2 emissions from power plants in Estonia have fallen 
from about 60%, and emission of solid particles decreased twenty times 
during the period of 1990–2005. The highest decline of Ca concentrations 
occurred during the first three-year monitoring period of 1994–1996, and a 
high decline of SO4-S in 1997–1999 and 2003–2005.  

Introduction 

The control over acidifying pollutant emissions in Europe since the early 
1980s has been successful: sulphur dioxide emissions have been reduced by 
70%, oxides of nitrogen by around 30% and ammonia by 25%. Today 
sulphur dioxide emissions are back at the levels characteristic to the begin-
ning of the 20th century. The reduction has resulted from international agree-
ments (the Convention on Long-range Transboundary Air Pollution and its 
protocols) and corresponding changes in local legislation, from economic 
restructuring in the Eastern Europe after the fall of The Berlin Wall, from 
switching from coal to gas and from increased desulphurization of power 
plant emissions [1].  

Estonian local emissions of air pollutants have largely followed the 
European reduction trends. However, energy production from a specific 
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fossil fuel – oil shale combustion – has left traces on the character of 
emissions, measures of emission reduction and deposition of pollutants.  

In Estonia about 95% of the total electricity produced comes from oil 
shale, and 92% of electrical energy is generated by two largest in the world 
oil shale-fired power plants (the Narva Power Plants) [2]. In 2005, 
14.8 million tons of oil shale was combusted for production of electricity and 
thermal energy [3], of which 11–12 million tons were used in the Narva 
Power Plants [4].  

Oil shale is the most important mineral resource in Estonia, and at the 
current amount of consumption the reserves should be sufficient (8.66 GT) 
for at least 60 years [5]. Estonian energy production is currently, and will 
continue to be, based mostly on oil shale, most likely until 2015 [5]. 

The chemical composition of oil shale has the strongest influence on air 
pollution. In Estonia about 82% of total air pollution originates from oil 
shale-based energy production [6]. The sulphur content of oil shale  
(1.4–1.8%) is the primary source of sulphur dioxide emission. The high 
content of carbonate minerals (45–50%) in oil shale accounts for particle 
emission (fly ash), while the high molar ratio of Ca/S (usually 8–10) enables 
buffering of the influence of the acidic compounds of oil shale (S and Cl) 
[7]. The average chlorine content of the organic part of oil shale is 0.75% 
[8]. So far Estonia is not familiar with the problem of the acidification of 
precipitation and its impact on the ecosystem, quite the contrary: the long-
term cumulative load of alkaline fly ash has deteriorated the ecosystems of 
ombrotrophic raised bogs [9, 10].  

After the restoration of Estonia’s national independence in 1991, 
emissions of air pollution have decreased remarkably. Official data confirm 
that total SO2 emission in Estonia has fallen from 179 thousand tons to 
55 thousand tons (about 60%), and the emission of solid particles decreased 
from 181 thousand tons to 8.7 thousand tons (20 times) during the period 
1990–2005 (Fig. 1). 

Under different international agreements Estonia has undertaken serious 
obligations to reduce emissions of air pollutants. The Estonian Environ-
mental Strategy and agreements with Finland state that SO2 emissions in 
2005 should not exceed 20% of the 1990 level, the emission of solid 
particles must be reduced by 25% as compared to 1995, and NOx emissions 
should not exceed the 1987 level. Same targets have been set by the 
Protocols of the Convention on Long-Range Trans-boundary Air Pollution 
(CLTRAP), or the so-called Geneva Convention. 

As emission of air pollutants has been calculated, all states which have 
joined the Geneva Convention must carry out direct measurements of 
pollutants within the framework of international monitoring programmes. 
The deposition levels and precipitation concentrations are currently being 
measured within the EMEP (Co-operative Programme for the Monitoring 
and Evaluation of the Long-Range Transmission of Air Pollutants in Europe, 
co-ordinated by the  UN/ECE) since 1994 at two stations;  within the ICP IM  
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Fig. 1. Annual emissions of SO2 and solid particles (kilotons) from power plants and 
stationary sources as well as with electricity production (TWh) during 1990–2005 [3]. 
 
 
(International Co-operative Programme on Integrated Monitoring) since 
1994 at two stations and within the ICP Forest Level II at 6 stations since 
1997. In addition to the above-mentioned international programmes, there 
are now monitoring programmes for air pollutant depositions at 15 local 
meteorological stations. The longest time series of chemical composition of 
precipitation of 10 monitoring stations dates from 1994 (Fig. 2). 

The aim of the present paper is to analyze the changes and trends in anion 
and cation concentrations basing on the available data of bulk precipitation 
related to the decreased emissions of SO2 and solid particles during the last 
12 years.  

Material and methods 

The average annual precipitation in Estonia is 530-730 mm, and the average 
annual air temperature varies from 6.3 °C in Western coast to 4.4 °C in 
Eastern Estonia. The warmest month is July, monthly rainfall is greatest in 
August, and February is the coldest and driest month. Total annual precipita-
tion has slightly increased during the assessment period, which is mainly due 
to relatively warmer winters that are rich in precipitation.  
 
Sampling 

Precipitation was collected using bulk collectors (20 cm in diameter), placed 
in an open area at a height of 120 cm. Samples were collected on a 24 h 
basis. The collected samples were stored in refrigerators and mixed in 
proportion to the total sample volume for monthly samples before analysis, 
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as described in the EMEP manual [11]. Ca2+, Mg2+, K+, Na+, SO4
2–, NO3

– and 
Cl– concentrations in water samples were determined using ion chromato-
graphy (EN–ISO 14911 and EN–ISO 10304). NH4

+ was analysed using 
spectrophotometry. The acidity (pH) and electric conductivity of samples 
were also measured. Samples were analysed at internationally accredited 
laboratories of the Estonian Environmental Research Centre in Tallinn and 
the Environmental Studies Laboratory in Tartu.  

Every measurement of wet deposition is done using open, so called bulk 
collectors for precipitation. Possible uncertainties due to water loss and also 
due to dry deposition into samplers are not taken into consideration. The 
contribution of dry deposition to bulk collectors (steadily open) in the open 
area may reach approximately 10% of total depositions in rural areas [12]. 

 
Data 

Bulk concentrations reported in the tables are precipitation-weighted 
averages, which are not corrected for sea salts. Although some stations are 
situated by the sea, the influence of sea salt is not considered relevant here, 
as the assumption is that the proportion of sea salt contribution has not 
changed over the short assessment period. In addition the mean Cl–/Na+ ratio 
in bulk precipitation was higher than could be predicted from seawater  
(Cl–/Na+=1.166) indicating chloride deposition from additional sources (oil 
shale burning in our case) [13, 14]. 
 
Statistics 

The nonparametric Mann-Kendall test was used for the detection of trends in 
the time series of precipitation-weighted annual and monthly mean concentra-
tions. The statistical method used is for the testing of the presence of the 
monotonic increasing or decreasing trend and the nonparametric Sen’s method 
was used for the estimation of the slope of the linear trend. The Mann-Kendall 
test requires at least 4 values, and calculation of the confidence intervals for 
the Sen’s slope estimate requires at least 10 values in a time series [15]. A 
statistical significance threshold of p < 0.05 (95% confidence means that the 
detected trend is significantly different from a zero trend) was applied to the 
trend analysis. We analysed twelve-year time trends using the annual means of 
chemical parameters (n = 12) and three-year time trends using the monthly 
means of chemical parameters (n = 34–36).  

Results and discussion 

Twelve-year trends in precipitation chemistry at 10 monitoring stations 

Table 1 presents the results of the trend analyses of annual weighted mean 
ion concentrations in bulk precipitation at 10 monitoring stations in Estonia 
during a twelve-year period (1994–2005). Annual average ion concentrations  
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mostly show statistically significant decreasing trends for SO4-S in 
10 stations, for Cl and Na in 8, for Ca and K in 7, Mg in 6 and for NO3-N in 
4 stations. In contrast to the others, H+ increased (significantly in 6 stations) 
during the study period. Using the annual decline (Q) of summed anions plus 
cations (meq l–1) as an integrated parameter for indicating the reduction of 
ion concentration in precipitation, the following order of the stations 
emerged: Kunda (0.37) > Jõhvi (0.12) > Saka (0.07) > Harku (0.04) > Tiirik-
oja (0.04) > Saare (0.03) > Lääne-Nigula (0.03) > Lahemaa (0.03) > Tooma 
(0.02) > Vilsandi (0.02).  

Decreasing trends of SO4-S and Ca at the 10 stations give a nearly similar 
order of stations (except that for SO4-S, exchanged positions were revealed 
in the case of Nigula and Tooma and for Ca in the case of Tiirkoja and 
Nigula (Fig. 2.). Three groups of stations could be differentiated according 
to the order of ion decline per year.  

Stations directly affected by an industrial region. This group includes 
Kunda, Jõhvi and Saka stations, which were affected by the North-Eastern 
industrial region (predominantly by the Kunda cement industry and Narva 
power plants), and the Harku station, which is clearly influenced by 
industrial activity in Tallinn. During the 12-year study period, these stations 
were characterized by the highest annual decline of most ions (anions plus 
cations) in precipitation.  

NE industrial region background stations. This group consists of Tiirik-
oja, Saare, Lahemaa and Tooma stations, where the variation of the annual 
decline of summed cations (from 0.005 to 0.014 meq l–1) and summed anions 
(from 0.016 to 0.034 meq l–1) were very similar. The Lääne-Nigula station in 
W-Estonia had an annual decline of cations (0.008) and anions (0.021) that 
was quite similar to the above-mentioned stations, although the Lääne-
Nigula station does not belong in this group due to its decline in SO4-S 
(Table 1). Instead it belongs in the same group with Vilsandi, and the two 
can be defined as natural background stations, without doubt characterizing 
more European declining trends, especially for SO4-S and NO3-N.  

The greatest decline during the twelve-year period (1994-2005) was that of 
SO4-S in most stations except Kunda, where the leading decreasing ion was 
Ca. At the NE industrial region stations, the annual SO4-S change varied from 
1.76 mg l–1 at Kunda to 0.46 mg l–1 at Saka, and at the NE industrial back-
ground stations from 0.37 mg l–1 at Tiirikoja to 0.21 mg l–1 at Lahemaa and at 
the natural background station of Vilsandi to 0.12 mg l–1. Linear decreasing 
trends of summed anions and SO4-S followed the same pattern: decline per 
year varied from 1.167 mg l–1 at Kunda to 0.014 mg l–1 at Vilsandi (Table 1). 

As a rule, the second largest decreasing cation in precipitation was Ca+2 
(except at Jõhvi where Ca2+ held 5th position), and the second largest 
decreasing anion was Cl–. The linear decline in Ca and summed cations 
followed the same pattern (annual decline from 3.01 mg l–1 at Kunda to 
0.02 mg l–1 at Vilsandi (Table 1). At Vilsandi, Tiirikoja, and Harku the 
decreasing trend of calcium was not statistically significant. 
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Fig. 2. Annual volume-weighted mean concentrations of SO4
2–, Cl–, NO3

– and 
summed cations (meq l–1) in bulk precipitation at Estonian monitoring stations 
during 1994–2005 
(Data of Estonian Environment Monitoring Program). 
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At most stations (except Harku and Lahemaa), the decline of chloride 
was statistically significant as well, while the slope estimates varied from 
0.67 mg l–1 at Jõhvi to 0.04 mg l–1 at Tooma.  

The pH level varied from 7.68 at Kunda to 4.7 at Vilsandi during the first 
3-year period, 1994–1996. The last station could be classified as weakly 
acidic (4.6 > pH < 5.1) [16]. The pH level decreased during the entire study 
period, reaching pH 5.1 at Tooma and pH 4.7 at Lahemaa in the last 3-year 
period, 2003–2005. The most acidic annual precipitations were measured at 
Lahemaa (pH 4.90) and at Tooma (pH 4.92) in 2006, and the most basic at 
Kunda (pH 6.75) and Harku (pH 6.0) [17]. 

 
Comparison of ion content trends by three-year periods from 1994–2005 

1994–1996 
 

During the first three-year period, a sharp decrease in SO4-S in bulk 
precipitation occurred at Kunda station (1.1 mg l–1 per month) (Tab. 2). Such 
a sharp anionic decline was in close accordance with the fall in Ca2+, Mg2+ 

and K+ in precipitation at Kunda. All of these trends of purification in Kunda 
precipitation are responses to a 4-fold reduction in dust emissions from 
Kunda cement factory (Fig. 3) during the period. The second large drop in 
SO4-S concentrations (0.32 mg l–1 per month) characterised Harku precipita-
tions, largely accompanied by Ca2+ decline. It is difficult to draw a connec-
tion between the ion decline at Harku and the positive changes at Kunda 
station, as it is more likely that ion concentrations of Harku are impacted by 
industrial activity in Tallinn.  
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Fig. 3. Dust emission and production of clinker (kilotons) at Kunda Nordic cement 
factory in 1994–2006. [19]. 
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There was no statistically significant downward trend in sulphur at most 
background stations (except for Lahemaa, probably affected more by Kunda) 
and Saka – most affected by the Narva power plants. Consequently, the 
decline in SO2 emissions from the Narva power plants (from 112 to about 
91 thousand tons, i.e. about 20%, Fig. 1) did not produce a response in the 
deposition data. At the same time, the reduced emission of solid particles 
from power plants (from 102 to about 74 thousand tons, i.e. about 30%, 
Fig. 1) was distinctly reflected in the downward trends of cations at nearly 
all stations (Table 2). As a result, the highest statistically significant 
decreasing trend of Ca2+ in precipitation was characteristic of all stations 
(except for Lahemaa) during the first three years of the study. The reduced 
emissions of solid particles from power plants were most distinctly reflected 
in a decrease of various cation concentrations in Saka precipitation. The 
decline in cation (especially Ca2+ and Mg2+, both of which are characteristic 
of the mineral part of oil shale,) was accompanied by a decline in anions, 
especially Cl–, and probably also HCO3

– (not measured), but not SO4
2–. 

Therefore the decline of ion concentration in bulk precipitation at most 
stations during the first three-year period of 1994–1996 was a response to 
the reduction in dust emissions from Kunda cement factory and flying ash 
emissions from the Narva power plants.  

 
1997–1999 

 

The highest decline in SO4-S concentration in the precipitation at nearly all 
stations (except for Jõhvi, Lääne-Nigula and Harku) occurred during 1997–
1999. The downward trend in sulphur at various stations as described by Sens 
slope estimates (the Q in the table designates the mean monthly decrease in 
concentrations) followed this order: Kunda, Saka, Tiirikoja, Tooma, 
Saarejärve, Lahemaa and Vilsandi (Table 2). Such an order of stations by 
incline per month indicates the decrease of SO2 emissions from both Narva 
power plants and the Kunda cement industry. Official emission data (Fig. 1) 
show a minimal reduction of SO2 emissions during 1997–1999 (14% from 
stationary sources and only 6% from Narva power plants), especially 
compared to the first three-year period. The use of new purification equipment 
in the cement factory at Kunda was the most important positive change in the 
air pollution situation (causing a reduction in dust emission by about 80% in 
1999 compared to 1997 (Fig. 3) in the entire North-East region. Despite the 
sharp reduction of dust emissions from Kunda and to a certain extent from 
the Narva power plants (about 8% during the period), the most important 
decreasing trend in cation concentrations occurred during the first three-year 
period. The decline of Ca2+ was only statistically significant in precipitation 
at Kunda, Saka and Lahemaa. It should be mentioned that Ca2+ concentra-
tions also decreased at all stations, but not significantly, which points to the 
high variability in monthly concentrations. Trend analyses indicated a 
significant decrease in Cl– at Jõhvi, Saka, Lääne-Nigula, Saarejärve and 
Lahemaa.  The  decrease  in  Cl–   was  in  close  correlation  with  decreasing  
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trends in monovalent cations: Na+ and K+ at Saka, Lääne-Nigula and Lahe-
maa. It is generally agreed that sea salt is the dominant source of Cl– and Na+ 

[18]. In the case of Lahemaa and perhaps also Saka and Jõhvi, there could be 
a sea salt effect on precipitation, but in all cases an additional source of Cl–, 
originating from oil shale burning, should be taken into consideration. 
Estonian oil shale contains chlorine (0.75%) in its organic part [6]. Thus the 
decrease in electricity production by about 1 TWh during 1997–1999 
(Fig. 1) may have been the main cause of the decline in chlorides, as well as 
in SO4-S concentrations in bulk precipitation at nearly all stations. 
 
2000–2002 

 

No single downward trend in the monthly mean concentrations of major ions 
in precipitation at any station was revealed by trend analyses during 2000–
2002 (Table 2, Fig. 2). To the contrary, statistically significant upward trends 
of chloride and monovalent cations at Kunda, of Ca2+ and of Mg2+ at 
Tiirikoja and of Cl– at Tooma were found. Official emission data indicated a 
reduction in solid particles from power plants by about 20% (Fig. 1) and the 
lowest level of dust emissions, as well as cement production at Kunda 
cement factory (Fig. 3). Gross production of electricity stabilised during the 
period 1993–2002, averaging 8.6 TWh per year. Emissions of SO2 from 
power plants reduced during the same period from 112.2 thousand tons to 
78.4 thousand tons (1.4 times), and emissions of solid particles from 
102.2 thousand tons to 49.2 thousand tons (2.1 times). This is especially due 
to the installation of new and the renovation of old electrostatic precipitators 
in both power plants (1997–2002) [7, 20]. 
 
2003–2005 

 

Trend analyses of monthly ion concentrations in bulk precipitation indicated 
statistically significant downward trends of SO4-S at Kunda, Lääne-Nigula, 
Tiirikoja, Tooma, Saare and Lahemaa during the last study period. The 
decline in SO4 anions was accompanied by a significant decline in Ca2+ and 
Mg2+ at Tiirikoja and Lääne-Nigula (Table 2). The decrease in the concentra-
tions of two-valent cations occurred at others stations too, but there the 
decrease was not statistically significant. Therefore, the deposition data 
indicate an improvement, especially in emissions from Narva Power plants. 
The studied period was an eventful one: after the renovation of old and the 
installation of new electric filters for power plants at Narva in 2002 [7], 
emissions of solid particles decreased by about 13% in 2003, in spite of an 
increase in electricity production (about 19%). At the same time, SO2 
emissions increased by about 15%, which is in close correlation with the 
increase in electricity production (Fig. 1). The start-up of two new fluidized 
bed (CFB) energy blocks (2004–2005) was the most important factor 
causing, at the very least, the reduction of sulphur dioxide emissions by 
about 13.7 thousands tons, as well as that of solid particles by 4.6 thousands 
tons compared to the year 2003 [2].  
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As we can see in Table 2, the increasing concentrations of SO4-S and of 
Mg2+, Ca2+ in precipitation at Kunda characterised the last period of 2003–
2005. The increasing concentrations of ions in the deposition are closely 
correlated with the increase in dust emissions, as well as of cement 
production at Kunda (Fig. 3).  
 
Comments on results 

Under different international agreements, Estonia has undertaken obligations 
to decrease emissions of sulphur dioxide, for example according to the 
Estonian-Finnish Air Protection Agreement (1993), Estonia promised to 
reduce emissions of the SO2 50% by 1997, based on the 1980 level and by 
80% by 2005, in comparison with the 1980 level. According to the data of 
the Estonian Environment Information Centre, emissions of SO2 fell 59.6% 
during the above-mentioned period (from 274,800 to 111,000 tons per year). 
Thereafter, both parties agreed [21] on 55,000 tons. According to Fig. 1, 
there was non-compliance.  

The Estonia Environmental Strategy (1997) [22] has set the goal of 
reducing SO2  emissions by 80% by 2005 in comparison with the level of 
1980, and reducing emissions of solid particles by 25% compared with the 
level of 1995, and here the cut-off values are 55,000 tons (was not achieved) 
and 28,300 tons, respectively. In fact, the reduction of the latest indicator, 
emissions of solid particles, was significantly higher, namely 84% (Fig. 1). 

There is a relief concerning the level of emission of sulphur dioxide in the 
new version of Estonia Environmental Strategy [23] – compared with the 
1980 level it fell by 35% by 2005 and will fall 40% by 2010, thereby 
guaranteeing that the total amount of sulphur dioxide emitted by stationary 
and mobile sources in Estonia will not exceed the level of 100,000 tons per 
year by 2010. These targets leave room for the growth of production of oil 
shale electric energy until 2010, because by 2012 the annual emission of 
sulphur dioxide from oil shale power plants cannot exceed 25,000 tons. The 
same targets for the reduction of SO2 emission have been set as a direction at 
the ratification of the Convention on Long-Range Air Pollution & four 
Protocols (Geneva, 6.12.2000) and also accession to the European Union 
(EU directives) [24]. 

By the year 2005, the first two of 6 energy blocks were renovated and 
updated to new circulating fluidized-bed (CFB) technology, and this has set 
the goal to produce 6.6 TWh of electricity and to achieve the consistency of 
SO2 emission standard (38,000 tons) as established in the Estonian Environ-
mental Strategy [25]. In accordance with the data of Statistics Estonia in 
2005, 27% of gross production of electricity was produced using new 
technology. The drop off in emissions of SO2 and solid particles in 2005 
compared with 2004 showed a logical outcome, 10% and 36% respectively. 
The share of SO2 emission from power plants compared with total emission 
from stationary sources fell 74% (maximum share during the study period 
was 92% in 2003), but the plants still remained a dominant source of SO2 
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emissions in Estonia. At the same time, the share of emission of solid 
particles from power plants fell below 50% compared with the total emission 
of solid particles (Fig. 1). A previous brief analysis of emission data 
demonstrated that with current new technologies, it is not possible to totally 
eliminate emissions of air pollution, but on the condition of a constant 
increase in production of electric energy there is an option of achieving a 
decrease in emissions of air pollution through the decisions (directives) of 
local and international environmental politics.  

Conclusions 

12-year time trends of annual average ion concentrations in bulk precipita-
tion from 10 monitoring stations mostly show a statistically significant 
decline for SO4-S in all 10 stations, for Cl and Na in 8, for Ca and K in 7, 
Mg in 6 and for NO3-N in 4 stations. In contrast to the others, H+ increased 
(significantly in 6 stations) during the study period. 

The highest decline of Ca in precipitation occurred during the first three-
year monitoring period of 1994–1996. The Ca decline was a response to the 
reduction in dust emissions from Kunda cement factory and flying ash 
emissions from the Narva power plants during the same period. 

The highest decline of SO4-S concentrations in precipitation occurred 
from 1997 to 1999, and the decline reflected the reduction of emissions of 
SO2 more from the former monitoring period (1994–1996) than the studied 
one.  

For the last three-year period (2003–2005), the statistically significant 
downward trends of SO4-S in precipitation indicated an improvement, 
especially in emission from the Narva Plants after the start-up of two new 
fluidized bed energy blocks (2004–2005). 
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