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Indicator 2.1 Deposition and concentration 
of air pollutants 

Deposition and concentration of air pollutants on forest 
and other wooded land

Key findings

• Annual sulphur and nitrogen throughfall 
deposition were generally higher in central and 
some southern and eastern parts of Europe. For 
the first time, tropospheric ozone concentrations 
in forests were also reported, with higher levels in 
southern and eastern Europe. 

• Mean annual sulphur and nitrogen throughfall 
deposition decreased by about 60-70% and about 
20-40% from 1997 to 2017, respectively. Mean ozone 
concentrations over the growing season (April-
September) decreased by about 10% between 
2000 and 2013. 

• The thresholds for potential adverse effects on 
forests – critical loads and levels – are still exceeded 
at many ICP Forest monitoring plots, mainly in 
central parts of Europe for nitrogen, and over the 
majority of countries for ozone.

Introduction

Sulphur dioxide (SO
2
), nitrogen oxides (NO

x
) and 

ammonia (NH
3
) are emitted into the atmosphere 

by human activities such as fuel burning, industrial 
processes, traffic and agriculture. They can be 
transported over long distances as gases or particles 
(aerosols). Together with volatile organic compounds 
(VOC) and carbon oxide (CO), these emissions have 
also contributed to the mean global tropospheric 
ozone (O

3
) concentrations having approximately 

doubled comapared to the pre-industrial age. Ozone 
levels, trends and related potential risks for forests are 
reported for the first time after the indicator 2.1 has 
been revised in 2015.

Atmospheric deposition of sulphur (S) and reactive 
nitrogen (N) to forests and tropospheric ozone (O

3
) 

can all affect forest ecosystems. Sulphur and N mostly 
accelerate soil acidification, eutrophication and 
change nutrient availability in soils. Soil acidification 
may result in a loss of important nutrients (base 
cations, particularly calcium (Ca) and magnesium 
(Mg)) and an increase in aluminium toxicity impairing 
roots. Eutrophication, due to N in excess, may result in 
e.g. nutrient imbalances and increased vulnerability. 
Ozone can affect plants via foliar uptake, with effects 
ranging from visible foliar damage to reduced growth 
and carbon sink strength of forest trees.

The  risk  for  negative  effects  on  forests  can  be 
evaluated by comparing the actual atmospheric 
deposition loads and O

3
 concentration levels to 

Critical Loads  and Levels. Critical Loads are defined as 
“a quantitative estimate of an exposure to one or more 
pollutants below which significant harmful effects on 
specified sensitive elements of the environment do 
not occur according to present knowledge”. Critical 
Levels are defined as “concentration, cumulative 
exposure, or cumulative flux of atmospheric 
pollutants, above which direct adverse effects on 
sensitive vegetation may occur according to present 
knowledge”.

The International Co-operative Programme on 
Assessment and Monitoring of Air Pollution 
Effects on Forests (ICP Forests) under the UNECE 
Air Convention has measured the deposition of 
sulphate (SO

4
2-), nitrate (NO

3
-), ammonium (NH

4
+) and 

base cations (BC) in the open field and under the 
forest canopy (throughfall) since the mid-1990s, and 
growing season ozone O

3
 concentrations since 2000 

at hundreds of its Level II monitoring plots in Europe. 
Although the plots cannot be considered statistically 
representative for European forests, they cover the 
major forest types, and they likely reflect typical 
deposition and O

3
 exposure regimes in each country. 

All measurements are carried out according to the 
ICP Forests Manual1.

Status

For atmospheric deposition, in 2016 sea-salt 
corrected SO

4
2--S throughfall deposition was below 

8 kg S ha-1 year-1 on most forest plots. However, some 
forest plots with higher S deposition were scattered 
across Europe. In general, S deposition in parts of 
central Europe tended to be slightly higher compared 
to other regions (Figure 2.1-1). For N, in 2016 the highest 
throughfall deposition was measured mainly in the 
central part of Europe (Denmark, southern Sweden, 
Germany, Belgium, Poland, Switzerland, Austria, 
northern Italy). High N deposition was also measured 
on some plots in Spain,  Serbia and Romania (Figure 
2.1-2, Figure 2.1-3). The throughfall deposition of sea 
salt-corrected Ca and Mg was highest in southern, 
central and eastern parts of Europe (Figure 
2.1-4, Figure 2.1-5). For all measured compounds, 
the throughfall deposition was comparably low in 
northern Europe. For O

3
 concentration, harmonised 

data cover the years between 2000 and 2014.  Mean  
O

3
 concentrations over the period April-September

1 http://icp-forests.net/page/icp-forests-manual
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were 36.2 ppb, ranging from 14.5 to 71.1 ppb, varied 
spatially and showed a slight increasing spatial 
gradient from northern to southern Europe. The 
highest concentrations were registered in Italy, 
southern Switzerland, the Czech Republic, Slovakia, 
Romania and Greece (Figure 2.1-6). Between 2000 
and 2014, accumulated ozone exposure over a 
threshold value of 40 ppb (referred to as ‘AOT40’) 
ranged from 4.3 to 35.5 ppm h. The AOT40 threshold 
of 5 ppm h – set to protect sensitive tree species from 
adverse ozone effects – was exceeded in 13 out of 15 
countries providing data (approx. 87%) (Figure 2.1-7).

Trends 
Within the twenty years from 1997 to 2017, the 
mean annual SO

4
2- throughfall deposition generally 

decreased by 60-70% and the decrease was 
statistically significant on most of the plots (Figure 

2.1-8). Throughfall deposition of oxidised and reduced 
N compounds generally decreased by 20-40% 
between 1997 and 2017 and the decrease was also 
statistically significant on many of the plots. For the 
reduced N compound ammonium (NH

4
+), however, 

the decrease was the highest during the first of the two 

decades, while its deposition of  has been stagnating 
from 2007 to 2017. For Ca and Mg, concentrations 
were relatively often below the determination limit 
and the reported fluctuations and apparent time 
trends might be partly caused by technical changes. 
An overall significant decreasing temporal trend 
of -0.35 ppb per year over the 2000-2013 period 
was observed for the mean growing season (April-
September) O

3
 concentrations (Figure 2.1-9). On 

average, this corresponds to about 10% reduction of 
the mean concentration levels recorded in 2000.

Exceedance of Critical Loads and Levels

The proportion of Level II plots, on which the critical 
loads for acidification were exceeded by the S and N 
deposition, decreased already from 57% in 1980 to 
18% in 2000 (see previous SoEF reports). In 2015, it 
was estimated that about 7% of the EU-28 ecosystem 
area (including a large proportion of forests) was still 
at risk of acidification (Slootweg et al. 2015). Regarding 
the deposition of N as a nutrient, a rough estimate 
suggests that there is still a rather high share of plots 
on which critical loads are exceeded, especially in 
central and parts of southern Europe (Figure 2.1-10). 
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Figure 2.1-1: Sea-salt corrected annual throughfall deposition of sulphate-sulphur (SO4
2--S; kg S ha-1 year-1), 2016 

Notes: Data source – ICP Forests Level II plots (stemflow not included; larger symbols indicate those where data passed the quality control 
checks). 
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Figure 2.1-2: Annual throughfall deposition of nitrate-nitrogen (NO3
--N; kg N ha-1 year-1), 2016

Notes: Data source -ICP Forests Level II plots (stemflow not included; larger symbols indicate those where data passed the quality control 
checks).
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Figure 2.1-3: Annual throughfall deposition of ammonium-nitrogen (NH4
+-N; kg N ha-1 year-1), 2016

Notes: Data source - ICP Forests Level II plots (stemflow not included; larger symbols indicate those where data passed the quality control 
checks).
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Figure 2.1-4: Sea-salt corrected annual throughfall deposition of calcium (Ca2+; kg ha-1 year-1), 2016

Notes: Data source - ICP Forests Level II plots (stemflow not included; larger symbols indicate those where data passed the quality control 
checks).



59

Figure 2.1-5: Sea-salt corrected annual throughfall deposition of magnesium (Mg2+; kg ha-1 year-1), 2016

Notes: Data source - ICP Forests Level II plots (stemflow not included; larger symbols indicate those where data passed the quality control 
checks).
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Figure 2.1-6: Spatial distribution of April-September mean ozone concentrations (ppb) 2000–2014 and occurrence 
of ozone-induced foliar symptoms 2002–2014

Note: Ozone concentrations interpolated from 18 464 passive samplers on 206 plots in 15 countries for the period 2000–2014 (background 
colour) and occurrence of ozone-induced foliar symptoms on 155 plots in 11 countries for the period 2002–2014 (coloured dots).

Figure 2.1-7: Mean AOT40 values based on April-September ozone concentrations (ppb), 2000-2014

Note: Data collected from passive samplers on 206 plots during 2000-2014 (Source: Schaub et al. 2018).
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Figure 2.1-8: Means for European regions of annual throughfall deposition of nitrate (NO3
--N) and ammonium 

(NH4
+-N) nitrogen, sea-salt corrected sulphate sulphur (SO4

2--S), calcium (Ca2+) and magnesium (Mg2+) (kg ha-1 year-1), 
1997-2017 

Note: Data collected from the Level II plots with almost complete time series between 1997 and 2017 (stemflow not included.

Figure 2.1-9: Scatter plot of April–September ozone concentration values (ppb), 2000-2013 

Note: Data collected from passive samplers exposed in 20 countries from 2000 until 2013 with a significant decrease of 0.35 ppb/year 
(n=29 356; p=0.000) (Source: Schaub et al., 2015).
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Figure 2.1-10: Tentative classification of ICP Forests Level II plots showing the estimated exceedance of the 
empirical Critical Loads for nutrient nitrogen (emp. CL) depending on the plot’s dominant tree species, 2016

Note: Emp. CL for broadleaved deciduous woodland: 10-20 kg N ha-1 year-1, coniferous woodland: 5-15 kg N ha-1 year-1 (Bobbink R, Hettelingh 
JP (eds), 2011: Review and revision of empirical critical loads and dose-response relationships, RIVM – CCE, www.rivm.nl/cce). It is assumed 
that total inorganic N deposition at Level II plots ranges between one and two times the locally measured inorganic N throughfall 
deposition. Example for a broadleaved deciduous forest plot on the map: Estimated total inorganic N deposition ranges between 12 and 
24 kg ha-1 year-1 on a plot with a measured inorganic N throughfall deposition of 12 kg ha-1 year-1. The corresponding emp. CL ranges between 
10 and 20 kg N ha-1 year-1 and results in a classification of 'within or above range of emp. CL’.




