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Linking ammonia emission trends to measured concentra-
tions and deposition of reduced nitrogen at different scales

Albert Bleeker, Mark Sutton, Beat Acherman, Anna Alebic-Juretic, Viney Aneja, 
Thomas Ellermann, Jan Willem Erisman, David Fowler, Hilde Fagerli, Thomas 
Gauger, Karen Harlen, Lars Hole, Laszlo Horvat, Martina Mitosinkova, Ron Smith, 
Sim Tang and Addo van Pul

Abstract
This document builds on the Bern Background Document, which was used to 
facilitate the discussion about following emission trends by means of measure-
ment data at the UN/ECE Ammonia Expert Group meeting in Bern (Switzerland) 
in 2000. It is now 6 years since the Bern Workshop and major new datasets 
on European NH3 and NH4⁺ monitoring and their relationship to estimated NH3 
emissions have become available for the following countries: United Kingdom, 
Germany, Hungary, Switzerland, Denmark, The Netherlands, North Carolina, Slo-
vak Republic, Norway and Croatia. Based on these datasets our current scientific 
understanding about the different issues are updated. In particular, input will 
be given to questions like: is there still an "Ammonia Gap" in the Netherlands, 
does such a gap exist in other countries, can we be confident of the effectiveness 
of ammonia mitigation policies and how can we best address the relationships 
between emission and deposition using atmospheric modelling and improved 
monitoring activities.  

5.1 Introduction
At the end of the 1980's in different countries policies were developed to reduce 
NH3 emissions. Targets were set and monitoring was initiated. In the late 1990's 
a discussion was started when it became clear that expected changes in NH3 
emissions where not matched by observed reductions of NH3 concentrations in 
air and/or NH4 concentrations in rain water. One example of this mismatch was 
a case study for the Netherlands, were extensive NH3 emissions reduction policy 
was implemented and it was therefore surprising that by 1997, NH3 concentra-
tions were no smaller than in 1993, when the policy was initiated (Erisman et 
al. 1998a, van Jaarsveld et al. 2000). The issue became known as the “Ammonia 
Gap”, raising questions regarding the cost effectiveness of the NH3 abatement 
policy. Additionally, in eastern Europe, following the crash in agricultural live-
stock populations and fertilizer usage after the political changes of 1989, it was 
curious that available monitoring in Hungary could also not detect the expected 
reductions in NH3 emissions (Horvath & Sutton 1998). Since the emissions in east 
Europe must have decreased, due to reduced sector activity, this raised the ques-
tion of whether there were non-linearities in the link between NH3 emissions 
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and atmospheric concentrations and deposition. These issues were reviewed at 
the Bern Workshop in 2000 (Sutton et al., 2003), which noted how interactions 
with changing SO2 emissions, local spatial variability, short term meteorological 
variability and interactions with NH3 compensation points were among the fac-
tors explaining the difficulty to make the links. 

One of the key findings of the Bern workshop described in the Working Group 
Report from the Bern Workshop (Menzi & Acherman, 2001) was the severe lack 
of NH3 monitoring data across Europe. Recommendations were therefore made 
regarding the need to establish robust monitoring networks, especially with the 
ability to speciate between NH3 gas and NH4⁺ aerosol, a finding which was re-en-
forced by the Oslo Workshop (2004) on monitoring strategies (Aas, 2005). 

It is sixteen years since the Bern Workshop and major new datasets on European 
NH3 and NH4⁺ monitoring and their relationship to estimated NH3 emissions have 
become available in the meantime. Based on these datasets the findings of the 
previous workshop will be evaluated, hopefully updating our current scientific 
understanding about the different issues that were addressed there. In partic-
ular, input will be given to questions like: is there still an "Ammonia Gap" in the 
Netherlands, does such a gap exist in other countries, can we be confident of the 
effectiveness of ammonia mitigation policies and how can we best address the 
relationships between emission and deposition using atmospheric modelling 
and improved monitoring activities. 

In this background document, first the major findings of the Bern Workshop re-
sults are summarized, after which new and/or updated datasets for different 
countries are presented. Like in the previous document also information from 
the USA is included in the overview, complementing the overall picture by show-
ing increasing trends of atmospheric NHx. This in comparison with the assumed 
downward trends in atmospheric NHx, which ought to be found in Europe ac-
cording to the reported downward emission trends. 

Figure 5.1 Changes in estimated NH3 emissions for European 
countries included in the Bern Background Docu-
ment.
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5.2 Important findings from the previous review
The Bern background document (BBD) addressed the link between NH3 emission 
abatement and atmospheric measurements, while considering two clear chal-
lenges when doing so:

• to quantify the changes between NH3 emission and monitored atmospheric 
NHx in situations where emissions have definitely changed;

• bearing in mind the uncertainties in the previous challenge, to assess the 
effectiveness of NH3 emission abatement policies.

Case studies from Europe and America were presented to illustrate inherent un-
certainties in linking the emissions to concentrations and/or depositions. Also 
examples from countries where NH3 abatement policies have been implement-
ed, using these examples to address the extent to which monitoring data can 
determine the effectiveness of abatement measures. The following sections 
summarise some of the case studies from the BBD, providing some information 
from that study in order to better understand the new information presented in 
the last sections of this chapter.

5.2.1 Case studies: linking agricultural sector activity and atmospheric NHx

Since the agricultural sector activity is thought to have declined dramatically in 
eastern European countries since the mid 1980's peak emissions (overall reduc-
tion of 46%), it should be possible to see a clear response of the monitoring data 
from these countries. A few examples were considered in the BBD, including 
Hungary, comparison of former East and West Germany, Slovakia and the former 
Soviet Union (FSU). Figure 5.1 shows the changes in estimated NH3 emissions 
for the different European countries that were included in the BBD. This figure 
clearly shows that while the western European countries only faced a minor re-
duction of the NH3 emissions, the emissions declined dramatically in the eastern 
European countries. 

For some of the eastern European countries with the strong decline in emis-
sions, examples are shown of the concentration and/or deposition trends, as 
presented in the BBD. The first example shows the trends of gaseous NH3 and 
aerosol NH4⁺ for the EMEP/GAW monitoring site K-puszta, located in the centre 
of Hungary (see Figure 5.2). These data have been published in Horvath & Sut-
ton (1998). While the emissions show a 53% reduction over the period 1980-
1998, no trend was found in NH3 and NH4⁺ over the same period. The Hungarian 
case did show a decrease in NH4⁺ in precipitation coupled to a decrease in SO4

2- 
aerosol, which indicated an interaction with sulphur emissions and atmospheric 
chemistry. A possible explanation is that, with decreasing SO2 emissions, a re-
duced rate of (NH4)2SO4 aerosol formation is expected, resulting in less forma-
tion of NH4⁺ aerosol. This was also shown in other studies (see below). 
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Another example for a country with large reported reductions of NH3 emissions 
was provided by Slovakia (EMEP station Chopok). The emission reduction was 
estimated to be 44% for the period 1990-1999, while the decrease in NH4⁺ con-
centrations is precipitation in that same period was around 20% (see Figure 5.3).

The last eastern European example given here is for Russia. Figure 5.4 shows 
long-term data for four sites of the WMO Global Atmospheric Watch (Paromon-
ov et al., 1999). These are sites within the European Territory of the Former 
Soviet Union and are located within the region where NH3 emissions are most 
likely to have occurred. Another point of attention is that also other countries 

Figure 5.2 Long-term record of gaseous NH3 and aerosol NH4
+ at K-puszta in Hungary.

Figure 5.3 NH4
+ in precipitation at the EMEP/GAW station at Chopok, 

Slovakia.
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in the region (see e.g. Hungary and Slovakia) show large reported reduction in 
NH3 emissions, which suggests that a decrease in monitored NHx data ought to 
be found.

When taking the average of three of the four sites, which show a decrease in 
NH4⁺ concentration in precipitation, the concentration decreased by approxi-
mately 40% in the period 1989 to 1995, being consistent with the national re-
duction in NH3 emissions. However, like for Hungary, there is a simultaneous 
decrease of NO3

- and SO4
2- concentration in precipitation, possibly masking the 

effects of NH3 emission trends. This implies an altered atmospheric transport 
distance of NHx.

A contrasting case was found in the State of North Carolina (USA), where both 
NH3 and NH4⁺ concentrations in air and precipitation respectively increased to 
the same degree as the NH3 emissions (Figure 5.5). Between 1985 and 1997 a 
major increase in NH3 emission occurred of a factor 7, which reflects the rap-
id expanding pig sector in that region (Aneja et al., 2000; Walker et al., 2000). 
An advantage of this simultaneous change in emission and deposition is that 
the level of scatter in the measurement data can help indicate what would be 
the minimum detectable change or time-period to detect change. Walker et al. 
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Figure 5.4 Record of NH4
+, NO3

- and SO4
2- precipitation concentrations for sites in the 

European Territory of the Former Soviet Union. A02: Berezina Biosphere Re-
serve (BR); A04: Oka-Terrase BR; A15: Central Forest BR; A26: Syktyvkar-1.
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(2000) showed that a single site record of less than 5-7 year becomes increasing-
ly less able to detect changes, even for such large changes shown in Figure 5.5.   

5.2.2 Case studies: linking NH3 emission abatement and atmospheric NHx

When trying to link NH3 emission abatement with measured concentrations 
and/or depositions of NHx, the Netherlands forms a clear case of a country 
where a long history on this topic is available. In the BBD, a description was 
given of the various studies that were (more or less) initiated because of the 
lack of measured trend following the implementation of different abatement 
measures. This lack of trend became known as the 'ammonia gap' and has been 
addressed by different authors (e.g. Erisman et al., 1998a, 2003; Boxman, 1998; 
Van Jaarsveld et al., 2000). 

The overall reported NH3 emission reduction was 35%, being rather modest in 
comparison with e.g. Eastern European countries (see Figure 5.1). A complicat-
ing factor is the lack of NH3 concentration measurement data for a longer period 
at that moment (only 6 years; see Figure 5.6). Information from the other case 
studies (see Section 5.2.1.) showed that it may turn out to be difficult to detect 
a 35% change with the available monitoring data. Especially for a small coun-
try like the Netherlands this is a real challenge, given the interactions with me-
teorology, other pollutant emissions and deposition and long-range transport, 
which puts high demands on the modelling and monitoring strategy designed 
for detecting these trends.

Figure 5.5 Comparison of NH3 emissions in coastal 
North Carolina, USA against NH4

+ precip-
itation concentrations and wet deposi-
tion at the NADP monitoring site NC35 in 
Sampson County (from Aneja et al. 2000). 
Emissions are for the 6 counties of North 
Carolina surrounding NC35.
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Besides the difference in trend for the different modelled and measured compo-
nents, also the absolute difference was a topic for further investigations. Figure 
5.6 shows the trends for both modelled and measured concentrations/deposi-
tion of NH3 concentration, NH4⁺ aerosol concentration and NH4⁺ wet deposition. 
The NH3 concentrations and NH4⁺ wet deposition show a systematic difference 
between modelled and measured values and the modelled NH4⁺ wet deposi-
tion decreased by 20% between 1993-1997, compared to a 10% reduction in 
the measurements. The opposite was true for the NH4⁺ aerosol concentrations, 
where the measurements showed a 29% decrease and the modelled values only 
a 14% decrease.

It was postulated that part of the observed differences were because of parallel 
changes in SO2 and NOx emissions over the same period (Erisman & Monteny, 
1998). This was assessed by Van Jaarsveld et al. (2000), by comparing modelled 
NHx results with those estimated if SO2 and NOx emissions had remained at 1984 
levels. The overall 'emission effect' is shown in Figure 5.7, where less SO2 and 
NOx results in an increase in NH3 concentrations and a simultaneous NH4⁺ wet 
deposition decrease. According to Van Jaarsveld et al. (2000) the higher NH3 
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Figure 5.6 Comparison of modelled and measured NHx 
for the Netherlands.
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concentrations are a result of longer residence periods of gaseous NH3 in the 
atmosphere due to a slower net rate of ammonium sulphate and nitrate aerosol 
formation. The lower wet deposition values are due to the decrease of NH4⁺ 
aerosol in the air. Since wet deposition of NH4⁺ is dominated by scavenging of 
NH4⁺ aerosol, the decreased levels of NH4⁺ aerosol in the air will thus result in 
decreased levels of wet deposition.

Based on the effect shown in Figure 5.7 and less than average rain during the 
study period, Van Jaarsveld et al. (2000) could explain part of the ammonia gap. 
Still there was not a complete explanation for the difference and it was conclud-
ed that only 45-70% of the foreseen reduction in emissions (due to implemented 
abatement measures) had been achieved (i.e. a national emission reduction of 
16-25%). 

5.2.3 Bern background document: Main conclusions
From the different case studies presented in the BBD, the following main conclu-
sions were drawn:

• It was clear that there are several difficulties and uncertainties in assessing 
the effectiveness of NH3 abatement from monitoring networks;

• To do this, requires sound monitoring methods implemented at sufficient 
sites and over a sufficiently long period;

• For NH4⁺ aerosol and NH4⁺ in rain, a modest number of sites can be used to 
indicate trends, whereas for NH3 in source areas a high density of carefully 
selected sites is essential; 

• In contrast to the need for many NH3 sampling locations, is the requirement 
for high temporal resolution NH3 concentration data at selected sites;

• Quantifying the interactions of NHx, necessary to interpret long-term trends, 
also requires improved mechanistic understanding and modelling: 
o better generalization on the bi-directional controls on NH3 exchange
o the chemical interactions that are recognized for atmospheric chemistry 
also need to be treated in relation to dry deposition

Figure 5.7 The effect of changing SO2 and NOx emissions 
on NH3 concentrations and the contribution 
of NH4

+ scavenging to wet deposition, as as-
sessed using the OPS model (van Jaarsveld et 
al., 2000). 
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o advancement of the regional-temporal modelling of NH3 emissions in 
relation to environmental conditions.

• It is important to retain caution in attributing changes in atmospheric NHx to 
changes in NH3 emission

• There are clear difficulties trying to detect NH3 emission changes even where 
these certainly occurred. 

• In assessing the success of any abatement policy based on technical meth-
ods, a combination of appropriate modelling and sufficient measurements 
should be able to determine whether the abatement measures are broadly 
effective. 

• However, where there is a gap between the monitoring response expected 
and that observed, this may be as much due to: 
o limitations in atmospheric process quantification and monitoring
o ineffectiveness of the abatement techniques.

5.3 Current status of studies for verification
Since the BBD, sixteen years have past and thus additional data have become 
available. Not only just by extending the measurement data with additional 
years, but also because new studies investigating the relation between emission 
and concentration/deposition trends of reduced nitrogen. Some of these studies 
were initiated based the outcome and conclusions of the BBD.

This chapter summarizes the current status of these different verification stud-
ies. For this overview a distinction is made between country-specific case studies 
(Section 5.3.2) and a more general European overview (Section 5.3.3) on the 
measured trends. However, before discussing the concentration and/or deposi-
tion trends, updated information with respect to the European ammonia emis-
sions is presented in the next section.

5.3.1 European ammonia emissions
For different European countries, the changes in NH3 emissions are shown in 
Figure 5.8. The reported emissions to EMEP are shown here and the changes are 
presented for two periods: 

• 1980-1998; corresponding to the presented trends in the BBD
• 1980-2003; the BBD information extended with emissions from an addition-

al 5 years.

In general, the different countries show the same trends for both periods. How-
ever, some clear exceptions exist, like e.g. Spain, Cypress and Austria. Most coun-
tries have reduced their emissions since the BBD, but also there some excep-
tions exist (Czech Republic, Latvia, Cypress and Italy; see Figure 5.9). The overall 
reductions of the ammonia emissions are still largest in the Eastern European 
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countries, although the trend that was started during the 1980-1998 period 
clearly levelled off during the 1998-2003 period. These countries generally show 
a moderate emission reduction during this last period (Figure 5.9). As in the BBD, 
these emission trends are be evaluated by considering observed concentrations 
and/or deposition for different country-specific case studies.

5.3.2 Country specific case studies
This section contains information from two countries, presenting the resuls of 
some new studies since the BBD: The Netherlands and United Kingdom. Materi-
al for different other countries (e.g. Hungary, Slovakia, North Carolina) only gave 
an update of data since the BBD study and is left out of this chapter for efficiency 
reasons.  

Figure 5.8 EMEP emission changes for different European countries 
for two periods: 1980-1998 (according to BBD) and 1980-
2003 (updated information). 

Figure 5.9 EMEP emission changes for different European countries 
for the period 1998-2003. 
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5.3.2.1 The Netherlands
The discussion about the 'ammonia gap' has initiated different studies in The 
Netherlands, trying to close the gap between modelled emissions and those 
derived from atmospheric measurements. These studies focussed on different 
aspects, such as the emission calculations, the measurements and the concen-
tration/deposition modelling. Some of the main results of these different studies 
are presented here. 

The ammonia emission calculation procedures were evaluated, showing that 
some inconsistencies existed in the way these emissions were calculated. Espe-
cially issues like the transport of manure within the country, the use of fertilizer, 
the methods for applying manure to the field (and their ammonia reduction ef-
ficiencies) were studied in more detail and it turned out that improvements on 
some of these issues were needed. These improvements resulted in new emis-
sion estimates for the previous years, which are shown in Figure 5.10. When 
comparing the emission trend with the trend in modelled and measured NH3, 
it is clear that the different trends show the same pattern, except for the years 
1997/1998. Until now one part of the gap was the deviation between the two 
trends (e.g. Erisman et al., 1998a), which seems to be solved now that the peri-
od is extended. 

However, the rather large difference in absolute values of modelled and mea-
sured concentrations and/or depositions is still present (Erisman et al., 1998a; 
Van Jaarsveld et al., 2000; Van Pul et al., 2004). Figure 5.10 shows this more-or-
less systematic difference of about 30% in the modelled and measured concen-
trations of NH3. Since this underestimation could indicate an underestimation 
of the ammonia emissions, which might then cause problems in reaching the 
ammonia emission ceilings agreed in the UN-ECE and EU frameworks (Van Pul 
et al., 2004), special attention was paid to this aspect in different studies during 
the last few years. 

One of the studies focussed on the representativity for trend detections of 
the eight stations of the Dutch Monitoring Network measuring ammonia con-
centrations at an hourly rate (Van Pul et al., 2004). The model that is normally 
used for performing the trends analyses (OPS; Van Jaarsveld, 1995) is calibrated 
against the measured concentrations from the same eight measuring stations. 
The combination of these issues was a reason for launching a project measuring 
the ammonia concentrations in air in a large number of locations using passive 
samplers. The goals of this project were:

• to check the representativeness of the eight ammonia concentration mea-
surement locations in the Dutch monitoring network for the Netherlands;

• to discover the spatial pattern of the ammonia concentration in the Neth-
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erlands;
• to determine the level of success in simulating the concentration pattern 

using the OPS model.

Figure 5.11 shows the spatial distribution of the different passive sampler mea-
suring locations (159 locations in total). During one year the ammonia concen-
trations in air were measured on a monthly basis (Duyzer & Weststrate, 2002).

The country average concentrations resulting from the passive samplers were 
compared with those of the 8 sites in the Dutch Monitoring Network, to investi-
gate the representativeness of these 8 sites. Figure 5.12 shows this comparison, 
using 155 of the passive sampler locations (4 locations were in the direct neigh-
bourhood of intensive animal farms and were therefore excluded for the analy-
ses). Based on this comparison it was concluded that the measurements at the 
8 Dutch Monitoring Network locations represent the ammonia concentration 
level in the Netherlands reasonably well. The yearly average of these 8 sites is 
18% higher than the average based on the passive sampler sites. This confirms 
the careful design of the network (Erisman et al., 1998b; Mennen et al., 1996). 

The third goal was to investigate the degree to which the OPS model is able to 
simulate the measured concentration pattern in the Netherlands. This was done 
by calculating the ammonia concentration at the 159 different measuring loca-
tions using emission data of different resolutions (5000x5000 m2 and 500x500 
m2). The modelled concentrations were compared with the measured ones and 
the result of this comparison is shown in Figure 5.13. Using the 5000x5000 m2 
emission data, 59% of the variance in the measurements could be explained, 
while for the 500x500 m2 resolution data this is 73%. Based on the 500 m reso-
lution emissions, the underestimation of the measured concentrations amount 

Figure 5.10 Measured and calculated ammonia concentration at 
Dutch measurement sites (blue line = measured; red 
line = modelled) and ammonia emissions for the peri-
od 1993-2003 (bars) (Source: MNP/RIVM).
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to about 32%. Based on this information, it was concluded that the OPS model is 
able to describe the spatial pattern well. However, the measured concentrations 
are underestimated by about 30%, using the high-resolution emission data. Van 
Pul et al. (2004) considered that the reason for this underestimation, although 
not clear yet, is most probably a combination of uncertainties in emission esti-
mates and the parameterisation of the dry deposition in the OPS model.

Another study addressing the different uncertainties was the so-called 'Veld 
study' (Smits et al., 2005). In a 3x3 km2 area in the eastern part of the Neth-
erlands, a detailed emission inventory was made. At the same time, NH3 con-
centration measurements were performed using a combination of continuous 
measurements (every 5 minutes) at a central location in this area (focussing at 
the temporal variation) and two-weekly passive sampler measurements at 50 
locations in this area (focussing at the spatial distribution).

Using the area specific emission estimates, a 15% underestimation of the mea-
sured concentrations was found (see Figure 5.14). Based on the available in-
formation it was concluded that there was no reason to assume a significant 
uncertainty in the local housing emissions, but that the main uncertainty was 
caused by an underestimation of the manure spreading emissions (especially 
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Figure 5.11 Measuring locations for the passive samplers. In 
gray scale the annual average NH3 concentration 
(in µg.m-3) is shown.
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during spring time). As a possible reason for this underestimation, the weath-
er conditions during spreading were mentioned; under dry and sunny weather 
conditions more ammonia will volatilize than assumed in the emission calcula-
tions, using annual average emission factors (Smits et al., 2005). When using 
emission estimates for the study area, calculated by means of the 'standard' na-
tional calculation procedure, an underestimation of the measurements of 30% 
was found.

One of the problems in the above mentioned 'Veld study' was that no actual 
emissions have been measured. Therefore, the conclusion that the underesti-
mation of the concentrations was most likely due to underestimated spreading 
emissions was more or less indirect (although strong indications of the plausibil-
ity of this conclusion were available). To try to overcome this, a targeted study 
was started in 2005 to improve estimates of the spreading emissions based on 
measurements (using LIDAR and TDL measurements). At the same time, effort 
is put into the quality of the calculation of NH3 concentrations by improving the 

Figure 5.12 Average ammonia concentrations in the Netherlands (in µg.m-

3). The average is calculated from 155 passive sampler sites 
(grey bar) and 8 passive sampler measurements at the loca-
tions of the Dutch Monitoring Network (black bar). 

Figure 5.13 NH3 concentrations for 159 lo-
cations calculated with the OPS 
model, based on emissions on a 
500m resolution (black squares) 
and 5000m resolution (open 
diamonds) against NH3 concen-
trations measured with passive 
samplers.
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dry deposition calculation procedures in the OPS model.

5.3.2.2 United Kingdom
In the United Kingdom, different studies have been undertaken in order to get 
more insight in the relation between emission and concentration trends of re-
duced nitrogen. This section gives an overview of some of the main activities. 
The first study presented here dealt with changing emissions after an outbreak 
of Foot and Mouth Disease and the way in which NH3 concentrations responded 
to that. The second study focussed on long-term trends in concentrations, mea-
sured at the UK national ammonia monitoring network. 

Foot and Mouth Disease study
A case study for investigating the link between changing NH3 emissions and NH3 
concentrations in air was available after the outbreak of Foot and Mouth Disease 
(FMD) in the UK in 2001. The study was motivated by different previous studies 
showing the 'ammonia gap' between modelled and observed changes (e.g. Er-
isman et al., 1998a; Van Jaarsveld et al., 2000; Sutton et al., 2001, 2003). The 
outbreak of FMD provided the opportunity to assess whether future reductions 
in ammonia emissions would achieve the desired outcome of reduced air con-
centrations (Sutton et al., 2004, 2006). The FMD outbreak led to large regional 
reductions in animal numbers in some parts of the UK. Therefore, monitoring in 
these areas could be used to test whether NH3 concentrations increase following 
subsequent animal restocking. 

The basis for the measurement network was an initial modelling study, conduct-
ed to map the location of the FMD outbreak and its effect on emissions and at-
mospheric concentrations of e.g. NH3 (Sutton et al., 2004). Figure 5.15 shows one 
of two regions studied, around Cumbria (Northern England). Analysis from Sut-
ton et al. showed that the changes should be detectable for NH3 and that these 
changes should also be larger than the inter-annual variability. Based on these 
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Figure 5.14 Comparison of calculated and measured area averaged NH3 concentra-
tions. The measurements are performed by means of passive samplers 
at 50 locations at 14 days time intervals.
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first calculations a monitoring network was established for a study area centred 
on Cumbria (and Devon, see Sutton et al., 2006). The monitoring network in-
cluded ~15 sites in FMD-affected areas, with ~5 sites in surrounding areas little 
affected by FMD ("unaffected" sites), where measurements where done using 
triplicate passive "ALPHA" samplers (Tang et al., 2001) at a monthly interval. The 
spatial distribution of the different sites centred on Cumbria is shown in Figure 
5.15, overlain on the estimates of prior-modelled NH3 concentration reductions.

The measured concentrations were compared with modelled values, based on 
calculations with the FRAME atmospheric dispersion model (Singles et al., 1998; 
Fournier et al., 2002), using monthly estimates of the NH3 emissions (see Sutton 
et al., 2006 for more details).  

Figure 5.15 Names and locations of the monitoring sites for NH3 for 
the area centred on Cumbria. Sites shown in red are the 
existing nearby sites for NH3 sampling under the National 
Ammonia Monitoring Network. The grid map shows the 
anticipated % reduction in NH3 concentrations after FMD.
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Figure 5.16 shows the comparison between measured and modelled concen-
trations for the Cumbria area. The top graph shows the measured and mod-
elled concentrations directly. From this graph it is not directly possible to detect 
a clear change between the period before and after restocking of the animals 
(October 2002). This is due to the large amount of within and between year 
variation. Only after plotting the values of the FMD-affected mean of normal-
ized values as a percentage of the FMD-unaffected mean for both measured and 
modelled values a clear change after restocking became visible (bottom graph 
of Figure 5.16).

Sutton et al. (2006) considered that the FMD study has significant implications 
for rural air monitoring strategies, especially in the discussion about implement-
ing:
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Figure 5.16 Comparison of measured and modelled NH3 concentrations in 
FMD-affected and unaffected areas of Cumbria: (top) mean 
concentration at sites, (bottom) mean of FMD-affected sites as 
a percentage of unaffected sites, from normalized data based 
on full recovery by October 2002.
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• low-frequency monthly measurements at very many sites
• manual daily monitoring at key regional sites
• advanced continuous multi-species monitoring at a few European 'super 

sites'.

Depending on the objectives with respect to rural air monitoring (e.g. detecting 
trends), one or more of these approaches are needed. The example of the FMD 
study showed that it was only possible to detect the trends in measured NH3 in 
response to FMD by a paired comparison of FMD-affected and unaffected sites. 
In normal cases such a comparison is unlikely to be possible when assessing lon-
ger-term reductions in emissions, in the context of assessing the effectiveness of 
national abatement strategies. The report of Working Group 2 at Bern (Menzi & 
Achermann, 2001) mentioned the need for longer data-series (e.g. 5-10 years) in 
order to detect significant trends. According to Sutton et al. (2006), monitoring 
efforts should ideally include parallel sites contrasting areas, in situations where 
regional or local abatement policies are implemented. 

Long term trends 
Data from the UK National Ammonia Monitoring Network (MAMN), already 
mentioned in the previous FMD section, can be used to analyse temporal trends 
in NH3 and NH4⁺ concentrations (Tang et al., 2006). This also allows assessment 
of intra- and inter-annual trends between areas dominated by different ammo-
nia emission source sectors (cattle, sheep, pigs etc.) to be made. As an example, 
the mean concentration from 3 background sites in Northern Scotland, which 
were measured using the same method over a period of 9 years are shown in 
Figure 5.17. It appears that there is an upward trend in NH3 concentrations, 

Figure 5.17 Monitored and seasonally-detrended mean NH3 concentration from 
three remote sites in the NAMN (S3 Inverpolly, S30 Strathvaich Dam 
and S47 Rum). All measurements are made using the DELTA system. 
The seasonal detrending was derived from the mean seasonal cycle 
for the whole period.
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which may be due to the reduction in SO2 emissions and aerosol NH4⁺ concen-
trations over the period. However, the trend is not statistically significant in the 
seasonally de-trended values, which is derived by dividing the concentrations by 
the national average seasonal cycle. 

In contrast, NH3 concentrations appear to have remained fairly constant at sites 
dominated by cattle emissions (Figure 5.18). For the purpose of consistency in 
monitoring methods for analysing long-term trends, data in Figure 5.18 are se-
lected from 25 cattle sites that used the DELTA method over the entire period. 
In contrast, the simple seasonal detrending used for these analyses recognises 
the issue of seasonality confusing determination of longer term trends. However 
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Figure 5.18 Long term trend in mean monitored and seasonally-detrended NH3 
concentration from sites in grid squares dominated by emissions from 
cattle in the NAMN.

Figure 5.19 Long term trend in mean monitored and seasonally-detrended NH3 concentra-
tion from 6 sites in grid squares dominated by emissions from pigs & poultry 
in the NAMN.
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it is clear from the remote sites (Figure 5.18) that a more variable seasonal pat-
tern occurs due to differences in weather patterns between years. At the cattle 
dominated sites, with almost no seasonal component the seasonal adjustment 
is minor.

Figure 5.20 Long term trend in mean monitored and seasonally-detrended NH4
+ aerosol con-

centration from sites in grid squares classified as belonging to the following dom-
inant emission categories, a) background, mean data from 8 sites, b) cattle, mean 
data from 23 sites, c) sheep, mean data from 3 sites, d) pig & poultry, mean of 
data from 2 sites. The large graph shows data from all sites.
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By contrast to the background and remote sites, overall there is some indication 
that NH3 concentrations have decreased in pig and poultry areas (Figure 5.19), 
although caution is needed since the passive sampling measurement methodol-
ogy changes in 2000 from diffusion tubes to ALPHA samplers.  

Figure 5.20 shows the long-term trends in aerosol ammonium according to the 
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Figure 5.21 NH3 emission change (in kt N.year-1) in the UK in the pe-
riod 1990-2003.

Figure 5.22 Division of the different measure-
ment sites in the UK over 4 groups.
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dominant source NH3 sectors. Here the trends are plotted using seasonally cor-
rected values, by comparison to the raw data. The difference between these 
shows clearly how NH4

+ concentrations peak during spring. It is notable that 
while the overall dataset shows a decrease in NH4

+ concentrations, there are 
some differences between the different site groups. There is some indication 
that NH4

+ aerosol concentrations may have increased in background, cattle and 
pig & poultry areas, although this is not significant.

The response of different regions to emission changes is also shown in the next 
few figures. Figure 5.21 gives the overall change in UK NH3 emissions in the peri-
od 1990 - 2003. The decrease of the national emission is about 15%. Figure 5.22 
shows the division of wet deposition sites and 'acid water sites' in the UK in 4 
different groups. These groups were identified through cluster analysis.

The response of the measurements to the changing emissions is shown in Figure 
5.23. Overall there is a clear (and significant at α = 0.05 level) negative trend in 
measured values for Group 1, while there is a positive trend for Group 4. For 
Group 2 and 3 the changes are not very clear, although Group 2 seems to show 
a downward trend. Linking trends from Figure 5.23 to the UK emission changes 
(Figure 5.21) is difficult, since also long-range transport plays a role here, poten-
tially influencing the observed trends for e.g. Group 1.  

5.3.3 European overview

Figure 5.23 Response of measurements for the 4 different 
groups to national emission changes (see Fig-
ure 5.22).
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Fagerli & Aas (2006) analysed trends of nitrogen compounds for the last decades 
at EMEP sites in Europe both from model calculations and observations. In gen-
eral, the model was found to reproduce the trends in the measurements. They 
concluded that the emission estimates, their changes and the models response 
to the changes are reasonable. 

For reduced nitrogen in precipitation, the largest decrease between the begin-
ning of 1980 and 2003 was found in Eastern Europe (~40-60%). This is also the 
area were ammonia emissions have undergone the largest changes. In addition, 
sites in the Nordic countries show clear downward trends with magnitudes larg-
er than the corresponding emission changes. These sites receive large portions 
of their pollution from Central and Central-East Europe, thus although ammonia 
emissions in this area have changed little, reduced nitrogen wet deposition in 
general declined. A possible exception to this is ammonium in very remote ar-
eas, as it is shown here that concentrations and deposition increased in both NW 
Scotland and N. Norway, which may indicate an increasing atmospheric trans-
port distance for NH3 emissions. 

On a European scale, the overall changes in ammonia and NOx emissions have 
been similar (around 25% from 1980-2004). However, the reductions in NOx emis-
sions have been more uniform over Europe (Figure 5.24). As a result, oxidized 
nitrogen in precipitation has decreased by 20-35% in most European countries 
with statistically significant declines at most sites. In Ireland and some South Eu-
ropean countries (e.g. Spain, Portugal and Greece) the level of NOx emissions are 
at the same level or slightly higher at present compared to 1980, and in these 
countries no statistically significant trends were found at the EMEP sites for wet 
deposition of oxidized nitrogen.

On a European scale, the trend in the observations (and the EMEP model results) 
for wet deposited nitrogen correlate with the trend in the emissions. For air con-
centrations, the picture is more complex. Unfortunately, much less information 
is available for measurements of air concentrations; most of the EMEP sites did 
not start to measure TIA (Total inorganic NHx, sum of ammonia and ammonium 
aerosol) and TIN (Total inorganic xNO3

-, sum of nitric acid and nitrate aerosol) un-
til the end of the 1980s and only a few sites (~20) have reported measurements 
continuously since then. Because the meteorological variability is large (~20%, 
van Loon et al., 2005) and of the same magnitude as the change of the emissions 
in the same period, the detection of trends is difficult. Moreover, since the gas 
and particulate phases have very different chemical (e.g. their role in the NH4⁺-
NH3-HNO3-NO3

--SO4
2- equilibria) and physical properties (e.g. the aerosols have a 

much longer residence time in the atmosphere and are transported over longer 
distances) the trend in the gas and particulate phase may be different. Fagerli & 
Aas (2006) concluded that in general the trend in TIA in air followed the trend in 
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ammonia emission. However, both model calculations and measurements indi-
cated that in some areas the decrease in TIA was more efficient than the corre-
sponding decrease in ammonia emissions.

For TIN in air, few of the ~20 EMEP sites with continuous measurements from 
around 1990 to 2003 show statistically significant declines (in observations or 
model results), despite that NOx emissions have been reduced by as much as 
30-50% in some areas during this period. 

Figure 5.24 Changes ( %) in emis-
sions from 1990 to 
2004 (relative to 1990) 
(Source: EMEP).
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A problem for Fagerli & Aas (2006) was that model calculations were not avail-
able for all the years of interest, e.g. in the analysis of air concentrations trends 
from 1990 to 2003 only 1990 and 1995 to 2003 were available. In order to av-
erage out meteorological variability, a set of calculations have been made with 
the EMEP Unified model using the same meteorological year (2004) and three 
different sets of emissions; 1) 1990, 2) 2004 and 3) 2004, but with SOx emissions 
as in 1990. The model version and its setup for these calculations are the same 
as in Fagerli and Aas. In Figure 5.25 and Figure 5.26 the modelled changes from 
1990 to 2004 are presented for the different nitrogen species. 

Whilst the concentrations of reduced nitrogen in precipitation are predicted to 
have changed by about the same amount as ammonia emissions, and with a 
similar spatial pattern (except for the reductions in the Nordic countries), NHx 
in air is reduced somewhat less in some areas and somewhat more in other 
areas. For instance, in some of the Eastern European Countries, NH3 emissions 
have declined by 30-60%, but NHx concentrations decrease only by 20-30%. In 
Germany, however, NHx concentrations decline by 20-30% whilst emission re-
ductions are reported to be 10-20%. The reason behind this pattern appears to 
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Figure 5.25 Modelled changes (%) in reduced nitrogen from 1990 to 2004 (relative to 1990).
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be a combination of a less efficient formation of ammonium aerosol (due to de-
creasing SOx emissions) and less efficient dry deposition of NH3 due to less acidic 
surfaces. Both these effects lead to a shift towards gaseous ammonia relative to 
particulate ammonium. For instance, model calculations predict that, despite 
the reduction in ammonia emissions over much of Europe, ammonia concentra-
tions in background air are estimated to increase in many areas (Figure 5.26). By 
contrast, simulated ammonium aerosol concentrations decrease everywhere, 
also in areas where ammonia emissions have increased (e.g. in Spain). If SOx 
emissions had not been reduced (Figure 5.26), model calculations predict that 
the reductions in the reduced nitrogen species would have followed the changes 
in ammonia emissions more closely.

EMEP model calculations predict that the largest decline in oxidized nitrogen 
should be seen for nitric acid (Figure 5.27), with reductions similar or larger to 
the reductions in NOx emissions. Nitrate aerosol concentration is suggested to 
decrease in most of Europe, but not to the same extent as NOx emissions. Small 
declines, or even increases are seen in the areas where SOx emission reductions 
have been largest. The sum of the two, which is the most commonly measured, 

Figure 5.26 Modelled changes (%) in oxidized nitrogen from 1990 to 2004 (relative to 1990).
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change by 0-30% in most of Europe, with the largest changes in the areas where 
both NOx and NH3 emissions have been reduced. With a dataset containing only 
few years, such a small change may be masked by the meteorological variability. 
In contrast, model calculations predict that if SOx emissions had remained at the 
1990 level (Figure 5.28), TIN would have decreased by 30-50% over most of Eu-
rope, which should have been easily detectable in measurements.

In a more generalized way the EMEP emission and concentration data can also 
be investigated (Fowler et al. 2006). Here the EMEP emission changes were com-
pared with the measured NH4⁺ concentrations in precipitation for 5 different 
regions. Figure 5.29 shows an overview of these regions, while Table 5.6 gives 
some information about the import/export status of these regions for the year 
2000 for respectively NHx, SOx and NOy.

Overall there is a reduction of the NH3 emissions in Europe of 23% in the pe-
riod 1980-2000. However, as was already shown in Figure 5.8, there are large 
differences over Europe with respect to these changes. Trying to detect these 
emission changes by measurements on a European scale is only possible using 
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Figure 5.27 Modelled changes (%) in reduced nitrogen from 1990 to 2004 (relative to 1990) if 
SOx emissions had remained at the 1990 level.
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measurements of NH4⁺ in precipitation, since a European wide measurement 
network for NH3 is not available at the moment. Countries like UK, Netherlands 
and Denmark have an operational NH3 monitoring network. However, differ-
ences exist with respect to measurement techniques, etc., hampering a proper 

Figure 5.28 Modelled changes (%) in oxidized nitrogen from 1990 to 2004 (relative to 1990) if 
SOx emissions had remained at the 1990 level.

Figure 5.29	 Division	 of	 Europe	 over	 5	 different	 Source/Sink	 re-
gions	(see	also	Table	5.1).
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3
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comparison of the measurement results. In particular, it is evident that mea-
surements of TIA (which do not separate gaseous NH3 and aerosol NH4⁺) are 
inadequate to analyse the changes.

When looking at the changes of NH4⁺ concentration in precipitation, clear differ-
ences between the different regions can be seen (Table 5.2):

• Monitoring NH4⁺ in aerosol and rain provides effective integration at the re-
gional scale and reveals the trends in emissions.

• Concentrations in most of Europe are declining, while in remote regions 
concentrations and deposition are increasing 

• There has been a change in the chemistry of ammonia as a consequence of 
sulphur emission reductions

5.4 Discussion and conclusions
The discussion about the different issues presented in the previous sections fo-
cus here on two main items: 1) what conclusions can we draw from the new 
information and do they differ from those of the first assessment (BBD)? and 2) 
are the present measurements adequate for assessing reductions of reduced ni-
trogen emissions? Related to the second question, it can be asked: Is it possible 
to improve the overall European measurement strategy? 

5.4.1 Have the conclusions changed between the first assessment (BBD) and 
the results presented here?
Here the different conclusions from the BBD are listed again (in italics; see Sec-
tion 5.2.3), adding information based on the new datasets.

“It was clear that there are several difficulties and uncertainties in assessing the 
effectiveness of NH3 abatement from monitoring networks”

Assessing the effectiveness of NH3 abatement is still a difficult issue, although 
substantial progress was made in the last few years in understanding the prob-
lems related to this. A good example is the FMD study from the UK, presented in 
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Type NHx NOy SOx

Region 1 Source - Export 20% 50% 20%

Region 2 Source - Export 10% 60% 30%

Region 3 Sink - Import 10% 10% 20%

Region 4 Sink - Import 60% 10% 20%

Region 5 Sink - Import 70% 50% 80%

Table 5.1 Overview of the 5 regions and the amount of NHx, NOy and SOx 
being exported or imported (in %).
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Section 5.3.2.2. The major conclusions from that study can be taken forward in 
the discussion about the implementation of different monitoring strategies (i.e. 
low-frequency at many sites, daily at key regional sites, advanced at a few Euro-
pean 'super sites'). The FMD study showed that, in order to detect the response 
of NH3 concentrations to abatement measures, monitoring efforts should include 
parallel sites in both affected and unaffected areas. Although this should be tak-
en into account in an ideal situation, such a comparison is unlikely to be possible 
in normal situations, when assessing longer-term reductions in emissions in the 
context of looking at the effectiveness of national abatement strategies. There 
is no clear and quantitative monitoring strategy aiming at an assessment of the 
effects of policies/measures on different scales.

“Assessing this effectiveness requires sound monitoring methods implemented 
at sufficient sites and over a sufficiently long period”

The definition of 'sufficient' will largely depend on the actual situation. Again, 
the UK FMD study provided valuable input to this discussion. Multiple low-cost 
sites in two contrasting regions where needed to detect the changes in a period 
of half a year. However, wet deposition results from 1 site during 10-15 years 
were needed to show the effect of the moratorium on animal numbers in North 
Carolina.   

Conditions like e.g. other relevant NH3 sources will determine the final monitor-
ing strategy. However, this requires a good insight in the situation with respect to 
the expected effect of the measures, which can be evaluated by means of mod-
elling exercises. This was also shown for the FMD study: monitoring activities 
where pointed towards those regions where the largest effects were foreseen. 
However, this assumes the availability of adequate modelling tools, capable of 
describing the present situation and the expected changes due to the different 
measures (see also below).  

ΔNH4
+ ΔEmission

Region 1 -28% -29%

Region 2 -41% -22%

Region 3 -26% -28%

Region 4 +7% -6%

Region 5 +43% +10%

Table 5.2 Changes (in %) of NH4
+ in precipitation 

and NH3 emission in the period 1980-
2000 for the 5 regions (data taken from 
EMEP).
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“For NH4⁺ aerosol and NH4⁺ in rain, a modest number of sites can be used to in-
dicate trends, whereas for NH3 in source areas a high density of sites is essential”

When only looking at these measurements in terms of detecting trends, it might 
be discussed whether indeed the assumed difference in measurement strat-
egy between NH4⁺ (both aerosol and rain) and NH3 is valid. The Dutch study 
presented in Section 5.2.2.1 showed that only 8 intensive monitoring sites dis-
tributed over the Netherlands are able to detect the overall trend. Comparing 
the average concentrations based on these 8 sites with those from 155 sites, 
showed that the 8 sites provided a good estimate of the average concentrations 
in the Netherlands. It should be taken into account, however, that the locations 
of these 8 monitoring sites are well chosen and based on thorough research 
about the representativeness of these sites with respect to covering the differ-
ent concentration situations in the Netherlands. A high density of NH3 measure-
ment sites is essential for e.g. calibrating transport and deposition models. The 
155 measuring sites in the Netherlands were also used for this purpose and it 
showed that the OPS model was capable of modelling the spatial distribution of 
the NH3 concentrations rather well. However, this was only possible in the pres-
ence of good quality emission data. 

From some of the studies presented in Bleeker et al. (2009), it became clear 
that the measurements for NH4⁺ aerosol and wet deposition show the required 
integration over space and time for evaluating the trends in NH3 emissions on a 
European scale. For more regional/local trends studies the focus should be more 
on NH3 concentrations, since these reflect the local NH3 situation better. 

“In contrast to the need for many NH3 sampling locations, is the requirement for 
high temporal resolution NH3 concentration data at selected sites”

The availability of concentration data on a high temporal resolution is important 
for different reasons. An obvious reason is to fill the gap in time when e.g. only 
low-cost samplers are available, like passive sampling tubes, which are normally 
used for time periods of 2-4 weeks. By using high temporal resolution data, a 
better understanding of the linkage between different sources and the resulting 
concentrations can be acquired. This is done by combining the measured air 
concentrations with meteorological data (wind direction and speed being most 
important). By doing so, sources of NH3 can be evaluated by means of their con-
tribution to the measured concentration at the high temporal resolution sites. 
Mosquera et al. (2000) showed an example of such an evaluation, where emis-
sion factor for cattle were evaluated using this kind of measurement informa-
tion. 

“Quantifying the interactions of NHx, necessary to interpret long-term trends, 
also requires improved mechanistic understanding and modelling
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• better generalization on the bi-directional controls on NH3 exchange
• the chemical interactions that are recognized for atmospheric chemistry 

also need to be treated in relation to dry deposition
• advancement of the regional-temporal modelling of NH3 emissions in rela-

tion to environmental conditions”

The need for improvements on these topics was again shown in some case stud-
ies, like the one for the Netherlands. Uncertainties with respect to e.g. the bi-di-
rectional NH3 exchange in the modelling are thought to be one of the reasons 
why the 'ammonia gap' is still existing. Further research is therefore on-going to 
reduce these uncertainties. Also the availability of good quality emission data is 
important for a better understanding of the observed concentrations. But this is 
also important for developing an adequate monitoring strategy, based on good 
modelling tools in combination with emission data at relevant temporal and spa-
tial resolutions. 

“It is important to retain caution in attributing changes in atmospheric NHx to 
changes in NH3 emissions”

Again, it was shown for different studies that the simultaneous changes in SO2, 
NOx and NH3 emissions cause problems when investigating the changes in mea-
sured NHx. It was already presented in the BBD that the change in SO2 concen-
tration causes an increase of NH3 air concentrations and a decrease of NH4⁺ wet 
deposition. The European overview in Section 5.3.3 also showed these parallel 
changes in air concentrations and wet deposition, due to changing SO2 emissions 
over the years. This was based on modelling studies, but also measurements 
from Hungary showed this simultaneous increase of air concentrations and de-
crease of wet deposition corresponding with lower SO2 emissions over the peri-
od 1981-2004 (Bleeker et al. 2009).

The degree to which SO2 and NOx emission changes result in increasing or de-
creasing concentration/deposition levels should ideally be taken into account 
when evaluating the overall effectiveness of abatement measures with respect 
to NH3 emissions trends. Long term measurements like those in Hungary might 
provide the necessary input to this kind of investigations. It is however, not clear 
to what extend that can be done for Europe. 

“There are clear difficulties trying to detect NH3 emission changes even where 
these certainly occurred”

Some clear advances in this field were made by e.g. the UK FMD study and by 
the longer-term datasets now available, particularly from the Netherlands and 
Denmark. From the FMD study it became clear that there is a need for con-
trasting areas when trying to investigate the 'certain' NH3 emission changes. 
The FMD situation provided the possibility to study these contrasting areas and 
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indeed 'discover' the changing concentration levels after populating the cattle 
farms again. Attention should be paid to finding these contrasting areas when 
starting these type of studies, even though it might prove to find them within a 
proper distance of the study area. Where such comparison is not possible, the 
only alternative is for long data series (ideally longer than 10 years) that speciate 
the separate NHx components.

“In assessing the success of any abatement policy based on technical measures, 
a combination of appropriate modelling and sufficient measurements should be 
able to determine whether the measures are broadly effective”

Again, the UK FMD provided a good example of this. Modelling showed the areas 
where changes were most likely to occur, while the measurements proved it. In 
this case the availability of low cost measurement techniques (passive sampler 
tubes) at a monthly time resolution was enough to give a proper representation 
of the changes in NH3 emissions within the study area. Similarly, the Dutch ex-
ample reflects situations where estimated NH3 emission reductions are related 
to abatement policies. In this case, the atmospheric data suggest broadly that 
the expected emission reductions were achieved, although questions remain re-
garding the absolute magnitude of the NH3 emissions.

“However, where there is a gap between the monitoring response expected and 
that observed, this may be as much due to:

• limitations in atmospheric process quantification and monitoring
• ineffectiveness of the abatement techniques”
Given the different considerations on the previous BBD conclusions, this last 
conclusion is still valid. However, there has been some clear advancement in 
closing this gap in the last few years, where we do get to a better understanding 
of the reasons behind it. Further work on the different monitoring methods has 
to be continued to close this gap. However, joint efforts are needed to facilitate 
this, focussing both on the description of the atmospheric processes by means 
of models and the measurement techniques used to evaluate them. 

5.4.2 Are the measurements adequate to assess the emission reductions of 
reduced nitrogen?
The deposition of reduced nitrogen is one of the important drivers in interna-
tional policies to decrease nitrogen emissions. It is clear that for individual eco-
systems concentration, exposure and deposition in general, and dry deposition 
in particular, cannot be quantified with sufficient accuracy using deposition 
models. The various methods have different advantages and drawbacks and the 
choice of a certain method for estimation of the flux of a specific pollutant to a 
specific ecosystem may in many cases depend on the purpose of the study and 
on requirements on accuracy and costs. For the time being, it is impossible to 
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obtain an accurate annual average concentration and deposition map of Europe 
based on current deposition measurements and therewith is difficult to target 
emission reductions based on reduced critical level and deposition/critical load 
exceedances. Dry, cloud and fog deposition show very strong horizontal gradi-
ents in ambient concentrations due to variations in land use, in surface condi-
tions and meteorology. Deposition maps are generated based on a combination 
of models and measurements (e.g. Van Pul et al., 1995; Erisman et al., 2001). 
Regarding spatial and temporal scales, measurements are supplementary to 
models in such a method. Furthermore, measurements are used for developing 
process descriptions and for evaluation of model results. Finally, measurements 
can act as an independent tool for assessing policy targets through trend detec-
tion. These issues, outlined below, require a combination of different measuring, 
monitoring and modelling approaches.

Process-oriented studies
Process-oriented studies are primarily used to provide insight into emission and 
deposition processes, and to obtain process descriptions and parameters to be 
used in models. Micrometeorological methods provide the best methods for 
these purposes. Three super sites equipped within the LIFE project fulfilled the 
role for this purpose (Erisman et al., 2001). In cases where micrometeorological 
methods cannot be used, such as complex terrain and within forest stands, the 
throughfall method is the only one currently available, even though the uncer-
tainty in NHx fluxes is large due to canopy exchange processes. Process-oriented 
studies can be used to test or verify simple/low cost measuring methods, which 
might be used for other purposes such as monitoring.

Evaluation of models
For evaluation or validation of model results, preferably simple and low cost 
monitoring methods are desired. In general, monthly to annual average concen-
trations and fluxes are used for validation. The uncertainty in results obtained 
by these monitoring methods should be within acceptable limits, and the com-
munity needs to agree quantitative values of these limits. Furthermore, results 
should be representative for areas used as receptor areas in the model. Valida-
tion of long-range transport model results can be done using area representa-
tive measurements of wet deposition and of ambient concentrations. Low-cost 
micrometeorological measurements suitable for monitoring or super site data 
might be used for evaluating model concentrations and dry deposition fluxes. 
Throughfall measurements might be used as a validation method for spatial vari-
ability in dry (and total) deposition, provided that several criteria on the method 
and site are met and the measurements are corrected for canopy exchange (e.g. 
Draaijers et al., 1996). In Europe about 400 throughfall sites have been opera-
tional since 1995 (De Vries et al., 2001). It is advisable to equip several monitor-
ing locations in Europe with dry deposition monitoring systems, wet-only sen-
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sors, and cloud and fog deposition measuring methods, which act as reference 
stations for testing of low-cost equipment and which can serve to derive surface 
exchange parameterisations used in deposition models. The locations with so-
called ‘intensive monitoring methods’ should be selected on the basis of pollu-
tion climates and type of vegetation. Furthermore, the surroundings should be 
homogeneous and no significant sources should be near the site. 

Detection of trends
If the purpose of measurements is trend detection, annual averages must be 
measured as accurately as the magnitude of the trends. Ambient concentration 
and wet deposition measurements such as those of the EMEP monitoring net-
work can be used for trend detection. The trend in precipitation concentrations 
is representative for the dry deposition trend, which cannot be measured accu-
rately enough at present. The disadvantage of using only concentration mea-
surements is that a change in dry deposition due to ecosystem response (as a re-
sult of reduced loads or climatic change) or due to changes in surface conditions 
(interaction with other gases, etc.) cannot be detected. Extensive deposition and 
concentration monitoring (see previous section) might be useful for trend de-
tection, especially where larger emission reductions have occurred, otherwise 
intensive methods should be applied.

Modelling
An essential component is the use of process-based models to complete emis-
sion, transport and dry deposition inputs from existing air concentration mon-
itoring networks. These models will be applied to quantify ecosystem specific 
inputs of these components. The core dry deposition monitoring stations and 
the low cost deposition monitoring network will provide the validation data to 
test and refine models for pollution climates and land uses in Europe.

Monitoring and modelling strategy
The EDACS model (or its successor IDEM) is an example of a method to esti-
mate small scale deposition fluxes and critical load exceedances in Europe (e.g. 
Erisman & Draaijers, 1995). The resolution, determined by the land use maps, 
is good enough to estimate ecosystem specific inputs. Surface resistance param-
eterisations should be more detailed to describe the complex surface exchange 
of gases. The monitoring stations used in e.g. the LIFE project provide and now 
established as Level 3 “super sites” under NitroEurope, provide detailed data to 
evaluate models and to improve parameterisations under a range of climates 
and conditions. The data from these stations are, however, not representative 
for the total range of ecosystems, climates and conditions in Europe. It is there-
fore necessary to extend the sites, in order to cover more of the ranges. This 
for example matches to the objective under NitroEurope to establish a series of 
Level 2 “regional sites” for nitrogen flux measurements. 
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In general, it can be stated that ecosystem type, site management, roughness 
characteristics and the surface conditions (wetness, snow cover, etc.) are all im-
portant in controlling the deposition rates of reduced nitrogen., This shows that 
both the major ecosystem/management types need to be considered as well as 
major differences in environmental conditions (dry weather, cold, wet, etc.), to 
verify whether the model assumptions are correct. 

European monitoring strategy
A European monitoring strategy for transboundary air pollution has been exten-
sively discussed in the last 5 years for the period 2004-2009, under the frame 
of the UNECE Task Force on Measurement and Modelling (e.g. Aas 2005). It is 
therefore relevant to review the progress in implementing this strategy in rela-
tion to reduced nitrogen, and address the most critical limitations, in the light of 
the new datasets presented and discussed in this document. 
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