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Abstract

Deriving a parameterisation of ammonia emissions for use in chemistry-transport mod-
els (CTMs) is a complex problem as the emission varies locally as a result of local
climate and local agricultural management. In current CTMs such factors are generally
not taken into account. This paper demonstrates how local climate and local manage-5

ment can be accounted for in CTMs by applying a modular approach for deriving data
as input to a dynamic ammonia emission model for Europe. Default data are obtained
from information in the RAINS system, and it is demonstrated how this dynamic emis-
sion model based on these input data improves the NH3 calculations in a CTM model
when the results are compared with calculations obtained by traditional methods in10

emission handling. It is also shown how input data can be modified over a specific tar-
get region resulting in even further improvement in performance over this domain. The
model code and the obtained default values for the modelling experiments are available
as a Supplement to this article for use by the modelling community on similar terms as
the EMEP CTM model: the GPL license v3.15

1 Introduction

Ammonia (NH3) plays an important role in the formation of atmospheric aerosols, and
its reaction products (ammonium salts) may constitute a significant fraction of the am-
bient aerosol concentration. This fraction is often in the range of 30%, but it may in
some cases be even more than 50% (Anderson et al., 2003) of the aerosol mass in20

PM2.5 and PM10. More importantly, NH3 plays a significant role in eutrophication of
sensitive mainly terrestrial ecosystems (Sutton et al., 2009; Theobald et al., 2009).
Agricultural activities are the far dominating sources of NH3 emissions (Bouwman et
al., 1997). In the vicinity of intense agricultural activities, deposition of atmospheric
NH3 may therefore totally dominate the overall load of reactive nitrogen (N) from the25

atmosphere (Hertel et al., 2006).
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In order to perform high quality assessments of the local NH3 deposition, a high
spatial resolution (better than the current 50 km×50 km EMEP inventory) in NH3 emis-
sions is crucial (Pul et al., 2004). However, also the temporal resolution plays a very
important role. A US study (Gilliland et al., 2003) has shown that even for regional scale
assessments of N deposition, the description of seasonal variation in NH3 emissions5

may be very important for the model performance, and the results may be improved
also when simplified seasonal functions are applied and diurnal variations are disre-
garded. Similarly, a European study has shown that a high temporal and spatial res-
olution in nitrogen oxide (NOx) and NH3 emissions is crucial when modelling aerosol
concentrations (de Meij et al., 2006). In fact high temporal and spatial resolution in10

the emission of reactive N species is considered crucial in modelling policy related
reduction strategies (Reis et al., 2009).

Danish studies have shown significant improvements in model performance in re-
gional N deposition assessments by replacing static seasonal variations by a dynamic
approach which is accounting for physical processes like volatilization of NH3 but also15

for local agricultural production methods including seasonal timing of manure applica-
tion (Skjøth et al., 2004). This dynamic approach is considered as current state-of-the-
art in regional NH3 emission modelling (Hertel et al., 2006; Pinder et al., 2006; Zhang
et al., 2008) but the requirements for this type of dynamical models are access to de-
tailed information about activity data and the spatial distribution in emissions on annual20

basis. We have previously shown that this requirement is met in Denmark where it is
possible to obtain the necessary input data. The Danish ammonia emission inventory
relies on highly detailed national agricultural registers containing exact location of farm
houses, storages, and associated fields, as well as data on type and number of an-
imals, and information about applied production methods (Gyldenkærne et al., 2005;25

Skjøth et al., 2004). This highly detailed Danish ammonia emission inventory has pre-
viously been presented and tested in a CTM. The comparisons between computed
and measured ambient NH3 concentrations demonstrated considerable improvements
in model performance over Denmark when the high spatial and temporal resolution
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emission inventory was applied (Skjøth et al., 2004). Despite the improvements ob-
tained by Skjøth et al. (2004) and the recommendations given by Gilliland et al. (2003)
and de Meij et al. (2006), simple and generally static methods of relatively coarse res-
olution are still applied in European regional scale CTMs like the EMEP model (Fagerli
and Aas, 2008), CHIMERE (de Meij et al., 2009), TM5 (de Meij et al., 2006), MATCH5

(Langner et al., 2009) and LOTUS-EUROS (Barbu et al., 2009). Emission inputs to
these models are based on emission inventories like EMEP SNAP category level 1 or
GENEMIS (Bouwman et al., 1997), that typically distribute the annual emissions apply-
ing fixed seasonal variations (see the functions in the EMEP model (Fagerli and Aas,
2008). The reason for these simplifications is most likely that detailed agricultural regis-10

ters are not generally available in other countries than Denmark. Within the framework
of COST ES0602 (Chemical Weather Forecasting) an inter-comparison of air pollution
forecast systems in Europe dedicate an entire sub-chapter to this NH3 emission issue
(Menut and Bessagnet, 2010). Menut and Bessagnet state that none of the 27 air pol-
lution forecasting systems in Europe contain a temporal profile for ammonia emissions15

that is sufficiently accurate. Menut and Bessagnet therefore suggest that a dynamical
approach of estimating the ammonia emissions should be implemented in these sys-
tems (Menut and Bessagnet, 2010). A similar conclusion was presented almost ten
years earlier by Hutchings et al. (2001) and they also stated that a main limitation for
such emission models to be successful was the lack of reliable input data. This calls20

for ways to obtain detailed data alternative to the use of registry data as it is done in
Denmark. And in case this is possible, to explore the possibility of extending the Danish
approach to Europe or even other parts of the world.

Emissions of NH3 from animal waste is a physical process that takes place from wet
surfaces (Elzing and Monteny, 1997). It is important to note that organic bound N in the25

manure is not a direct source of NH3. The NH3 emission strength is therefore mainly
related to the context of TAN (Total Ammonia N (NH3 and NH+

4 )), pH, temperature, and
wind speed. The volatilisation of NH3 is thus highly temperature dependent and varies
significantly over day and season (Gyldenkærne et al., 2005; Skjøth et al., 2004). The
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regional variation reflects local production methods and agricultural practice, which
again to a large extent is governed by regional scale climatic conditions. General-
ising the Danish approach to other European countries is challenging, because only
parts of the necessary information is available at sufficient detail for all countries. Ad-
ditionally, the available information varies considerably in quality and detail. The model5

studies by Skjøth et al. (2004) have shown that improving spatial and temporal res-
olution in emissions in a sub-domain improves the obtained model results inside the
sub-domain. Further analysis in connection with the present work has demonstrated
that the improvements extend to measurement stations outside but within the vicinity of
the high resolution domain. These positive results call for a modular based approach10

that can handle data of varying degree of detail for different countries and regions in
order to obtain the highest spatial and temporal resolution for which reliable information
is available and applicable.

The aim of the present paper is thus to present a modular based approach for dy-
namic NH3 emission modelling on regional scale, and as a part of this work to in-15

vestigate and describe the available input data on European scale. This is exempli-
fied by applying the approach for the year 2007. The model domain covers central
and northern Europe and the results are subsequently implemented in a typical grid
based Chemistry-Transport Model (CTM) – in this case the Danish Eulerian Hemi-
spheric Model (DEHM) (Christensen, 1997; Frohn et al., 2002). Computations per-20

formed with DEHM are compared with measurements of ambient NH3 concentrations
obtained from the EMEP system, where we have included all available stations that
are considered representative for their region (not influenced by a single or few nearby
NH3 sources).
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2 Methodology

2.1 Model domain and meteorological input

NH3 emissions are simulated using the dynamic model (Gyldenkærne et al., 2005;
Skjøth et al., 2004) for a domain covering part of northern and central Europe (Figs. 1,
4 and 5), which corresponds to nest 2 in the DEHM model. The DEHM model domain5

is over Europe defined using a polar stereographic projection using a regular 96 x 96
grid with a 32

◦
rotation with 50 km×50 km grid resolution at 60◦ N (this is a true sub-

set of the EMEP grid http://www.emep.int/grid/griddescr.html, Fagerli and Aas, 2008).
In the central and northern European region (Fig. 1), where the high resolution NH3
emission model is applied, the sub-domain has a three times higher resolution than10

the parent grid (Fig. 1) corresponding to a grid resolution of 16.67 km×16.67 km at
60◦ N. Meteorological input for the NH3 emission model and for the DEHM model have
been obtained from the weather forecasting model MM5 (Grell et al., 1994) run with
a grid resolution in the domain and sub-domain corresponding to the receptor net in
DEHM. The data from the NH3 emission model are generated with a temporal res-15

olution of one hour, analyzed and afterwards implemented in a typical CTM model:
DEHM. The resulting ambient air concentrations are computed with a version of the
Danish Eulerian Hemispheric Model (DEHM) (Christensen, 1997; Frohn et al., 2002),
which includes two subsequent nests. In this setup, DEHM is a comprehensive CTM
including 67 chemical species and a full 3-D description of the lower atmosphere. The20

model domain covers most of the Northern Hemisphere with 2 nests with increased
resolution over Europe and northern Europe, where the new dynamic emission inven-
tory is included in the nested domain over northern to central Europe.

2.2 Measurement data and location of stations

There are only few locations in the EMEP measurement network from which NH3 mea-25

surement data can be obtained from the routine database in the programme. For the
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current work, measured diurnal mean concentrations of NH3 and NHx (the sum of gas
phase NH3 and aerosol phase NH+

4 ) have been obtained for the year 2007 at 9 different
measurement sites; 5 in Denmark and 4 in Germany (Fig. 3). The stations constitute a
mix of being located directly in agricultural areas (Ulborg, Tange, Lindet, Neuglobsow,
Langenbrügge), being coastal stations (Westerland, Keldsnor, Zingst) and one located5

on an island (Anholt) with very limited husbandry and more than 30 km to the main
land. The measurement station Vreedepeel in the Netherlands was also an option in
this context, but this station has been disregarded as this site is known to be influenced
by very local sources which generally makes it difficult to reproduce the observed levels
by regional scale CTMs.10

The ambient air concentrations are measured using the filter pack method (Eller-
mann et al., 2009; Skjøth et al., 2008). It is well known that the filter pack method
does not give a complete separation of NH3 and NH+

4 but, comparisons between filter
pack and denuder sampling have demonstrated that for Danish monitoring stations a
satisfactory separation can be obtained (Andersen and Hovmand, 1994).15

2.3 Temporal variation in NH3 emissions

The temporal variability of the NH3 emissions is described in 15 additive functions
reflecting different agricultural activities. Furthermore a 16th function is included in
order to describe the NH3 emissions from traffic. A short description of what is covered
by the various functions is given in Table 1. The applied functions were originally20

derived for Danish conditions and presented in Skjøth et al. (2004). However, several of
the underlying studies for producing the 15 functions or parameterizations such as the
applied growth model (Olesen and Plauborg, 1995) and the farm surveys by Seedorf
et al. (1998a, b) are to be considered more general, where the latter are based on
European scale studies. This suggests that the functions may be directly applicable25

for the large parts of the European area. The functions (Fkt1–Fkt3) that are applied for
emissions from stables and manure storages are shown in Eq. (1):
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Fkti =
Ei (x,y)

Epoti (x,y)
× (Ti (x,y))0.89 i = [1;3] (1)

The index i refers to the number of the emission function, where Fkt1 refers to ani-
mal houses with forced ventilation, Fkt2 to open animal houses, and Fkt3 to manure
storages. The x and y refer to the coordinates for the model grid in x-direction and
y-direction, respectively. Ei (x,y) represents the officially reported annual NH3 emis-5

sion for the specific grid cell (x,y); an emission which is identical to the aggregated
emission from all categories. Epot(x,y) is the scaling factor for the emission potential
of the grid cell. Ti (x,y) is the ambient air temperature either inside the animal houses
or at the surface of the manure storage. The functions describing the relation between
ambient outdoor temperature and temperature in animal houses or manure storages10

are given in Skjøth et al. (2004).
Emissions of NH3 related to the remaining agricultural activities (Fkt4–Fkt15) are

all more or less related to plant growth. Not only direct emissions from plants but
also emissions due to application of fertilizer and manure can be associated with plant
growth, as farmers add fertilizer according to plant need. CTMs are generally grid15

based, and one single grid cell covers an area that includes many farm houses even
for models of high spatial resolution. Farms and farmers that operate in such a domain
will not all be active at exactly the same time. This means that the local NH3 emission
may be characterized by a statistical distribution and not by short term peak values.
Nevertheless the overall emission from each region represented by a grid cell will be20

affected by the actual meteorological conditions. This statistical distribution will depend
on agricultural practice and crop types. The temporal variations for these activities have
therefore been parameterized by the gauss functions shown in Eq. (2); where the peaks
of the gauss functions are determined by a simple crop growth model:

Fkti =
(

VH10corr×Tcorr×
Ei (x,y)

Epoti (x,y)

)
× e

(
(t−µ(x,y)i )

2

−2σ2
i (x,y)

)

σi

√
2π

i = [4;15] (2)25
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The parameter µi (x,y) varies from grid cell to grid cell, and it is defined as the time
of year when the gauss function reaches its maximum, which again depends on local
production methods and type of crops. This parameter is determined using the crop
growth model in a preprocessing step, as a function of a temperature sum which again
is specific for the activity; the expressions for the temperature sum are given in Skjøth5

et al. (2004). σ i is the spread of the gauss function, where a large value means distri-
bution over most of the year while a small value means that the emission takes place
during a short time period. VH10corr and Tcorr are given by Eq. (8) in Gyldenkærne et
al. (2005).

2.4 Country wide data regarding agricultural emissions10

The distribution of the NH3 emissions on the agricultural activities has been derived
from national information about type and number of animals, number of grazing days
for the cattle (see the European distribution in Fig. 2), specific emission factors, and
local meteorology etc. This data has to a large extent been based on information
from the database collected in relation to the RAINS model and especially a dedicated15

ammonia emission review (Klimont and Brink, 2004). The RAINS model database con-
tains information e.g. about the number of animals of each animal type in the European
countries, national emission factors for each animal type, data regarding arable land
and grass land. The national reports contain information about the fraction of the ma-
nure that is applied to crops in growth or permanent grass land. It is here assumed that20

areas with growing crops receive manure from livestock in spring or autumn. Similarly
it is assumed that permanent grass land receives manure in spring, summer and au-
tumn. The resulting relative distribution of ammonia emission between the 15 additive
functions is given in Table 2 on country basis. Table 2 has afterwards been gridded
to the DEHM sub-domain on 16.67 km×16.67 km grid resolution and combined with25

the emission inventory given by Hertel et al. (2002). This table is the default data set
supplied by the model. Model calculations with this dataset are in the following termed
“default”. Additionally the distribution among the 15 additive functions from the paper
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by Skjøth et al. (2008) has been applied specifically over the Danish area in order to
demonstrate that it is possible to improve the model input data over a specific target
region. Model calculations with this data set are termed “dk improved”. Model calcula-
tions with the traditional NH3 emission methodology using static functions are termed
“old”.5

3 Results

3.1 The obtained emission inventory

In Table 2 country wise NH3 emission distributions have been listed for the specific
agricultural emission categories that are represented by the 15 functions. A gridded
data set has been derived for the entire model domain (Fig. 1). It is evident that even10

for central or northern Europe there are differences in agricultural practice that lead
to significant differences between the countries. One example is that some countries
use vast amounts of mineral fertilizer (this is e.g. the case for the Czech Republic,
Poland and France), while other countries use relatively small amounts (this is the
case for countries like Denmark and Norway) (see Fkt12 and Ftk13 in Table 2). Another15

example is from the variation in emissions related to animal production (Fkt1 and Fkt2).
Pigs are the dominating part of the livestock production in Denmark leading to Fkt1 and
Fkt2 values of 0.26 and 0.06, whereas the similar values for Norway are 0.15 and 0.15
due to a more evenly distribution between pigs and cattle in this country. This difference
affects the overall emission profile since the temperature in pig barns is much higher20

compared with cattle barns.
The relative distribution in NH3 emissions has in total been derived for 11 agricultural

emission categories, and the obtained values are listed country by country in Table 2.
The remaining four agricultural categories (relating to the dynamic emission functions
Fkt4 to Fkt7) are related to emissions from crops, and have been disregarded due to25

insufficient available information. In the distribution it has been assumed that manure
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application is equally split between spring and autumn application, whereas the ap-
plication of mineral fertiliser has been distributed with 90% in spring and only 10% in
autumn. Application of manure to grass land has been assumed to take place evenly
distributed on all application periods. Furthermore it is assumed that solid manure
from cattle is applied on black soil (Gyldenkærne et al., 2005), whereas liquid slurry5

from pigs is applied on growing crops (Gyldenkærne et al., 2005).

3.2 Simulated ammonia emissions: gridded and as time series

Figures 4 and 5 show the obtained spatial distributions of NH3 emissions for Europe
computed for 12:00 UTC, the 15 February and 15 April 2007, respectively. In February
the highest NH3 emissions are seen in Belgium, the Netherlands and in the Po Valley10

in Italy (Fig. 4). High emissions are also found in southern Germany, north and north-
western Germany as well as in parts of Denmark and the UK. In contrast very low
emissions are found in Norway, Sweden and parts of the Alpine region. In April (Fig. 5)
highest emission areas are found in southern Germany, northern Germany, parts of the
Netherlands, UK and Denmark. Low emissions are still found in Norway, Sweden and15

the Alpine region. Large areas of France, the Po Valley in Italy and the region between
Germany and Poland are characterized by medium to high emissions in mid-April.

Figure 8 (left) shows the modelled hourly NH3 emission time series from the German
monitoring site Zingst in 2007. Results are plotted on sector basis for each of the
applied functions. In winter, emissions are generally low and the main contributions are20

from pig housings (Fkt1) and storage (Fkt3). Rapid increase in the emission is seen in
early March, and the emission peaks during the first weeks of April. This increase is
related to manure application on bare soil (Fkt8), liquid manure application to growing
crops (Fkt9), and mineral fertilizer applied to growing crops (Fkt12). Summer emissions
are a factor of two higher than winter emissions, but significantly lower than during25

the spring. The difference between summer and winter is a result of a higher “base
load” from cattle barns (Fkt2), grazing cattle (Fkt14), storage (Fkt3), and a number of
summer applications of manure on growing grass (Fkt10 and Fkt13). An increase in
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emissions from summer to autumn is related to an autumn application on land covered
by vegetation (Fkt11a) and emptying of storage facilities (Fkt11b). It is evident that
emissions from pig barns (Fkt1) show very little variation over season as well as over
the day. This is in strong contrast to manure applied to growing crops (Fkt9) and
application of mineral fertilizer (Fkt2), which is present only in a limited number of days5

and in addition show a strong diurnal profile. The overall temporal emission profile
for Zingst can also be seen in Fig. 8 (right) as a time series and correspondingly for
Tange and Westerland in Fig. 9. The Danish station Tange has a very low winter
level, a steep increase in the emission during the spring and a moderate summer level.
Westerland has a low winter level, a steep spring emission and an additional large10

peak during autumn. Figure 10 provides a comparison of the total modelled emission
pattern in spring 2007 for three different monitoring sites in the domain: Tange in central
Denmark, and Langenbrügge, and Neuglobsow in Germany. Tange shows the overall
highest emission, which during the period 1 to 20 March is about 2 to 3 times higher
than for the two other sites. During 20 March to 4 April, the emissions at Tange and15

Langebrügge are in the same range and showing large day to night variations due to
daily variations in temperature and wind speed at the selected sites.

3.3 Simulated ambient concentrations and comparisons to measurements

Figures 6 and 7 show the calculated NH3 concentrations with DEHM by using the
dk improved scenario at 12:00 UTC, the 15 February and 15 April 2007, respectively.20

In February the highest NH3 concentrations are seen in the Netherlands and in the Po
Valley in Italy (Fig. 6). High concentrations are also found in northwestern Germany
and parts of France. Very low concentration are found in almost all countries north of
the Alpine region as well as sea areas. In April (Fig. 7) highest concentrations areas
are found in Germany, the Netherlands, UK and parts of France and Denmark. Low25

concentrations are still found in Norway, Sweden and the Alpine region. Poland and
the Po Valley in Italy and the eastern part of Germany and Poland are characterized by
medium to high concentrations. Additionally a gradient going from the land areas and
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into the North Sea is evident, especially from Denmark, the Netherlands and northern
Germany.

NH3 concentrations obtained from DEHM calculations performed for the three sce-
narios are shown as time series in Figs. 8 and 9, and obtained correlation coefficients
and bias for NH3 and NHx for each of the 9 stations are shown in Table 3 and Table 45

on annual and seasonal basis. The results in Table 3 show that the default scenario im-
proves the correlation between observed and modeled daily NH3 concentrations for all
sites, where some of the improvements are substantial (e.g. the correlation coefficient
improves from 0.27 to 0.61 for Neuglobsow). Additional large improvements are seen
for the Danish stations and Westerland for the “dk improved” scenario. On seasonal10

basis improvements in the correlation coefficients are mainly seen during spring and
summer. The bias is low for most of the stations and most of the seasons, except for
winter, where the model underestimates the concentrations at almost all sites for all
scenarios.

The default scenario improves the correlation coefficient between the observed and15

modeled NHx concentrations at two sites and a decrease in performance at 7 sites.
All changes in correlation coefficients are in the range 0.02 to 0.12) except for Neu-
globsow, where the improvement is 0.15. The “dk improved” scenario improves the
correlation coefficient for the Danish stations and Westerland. Five out of six stations
had an improvement from 0.04 to 0.15 whereas the obtained correlation coefficient for20

Keldsnor decreases slightly from 0.55 to 0.54.
The concentration time series for Westerland (Fig. 9) show similar results to what is

obtained for Zingst, except that the emission pattern in spring (March to May) shows a
less pronounced peak than what was obtained for Zingst (Fig. 8).

The NH3 concentration time series for Tange, Westerland and Zingst are shown for25

the “dk improved” scenario. The seasonal variation is strongly enhanced at Zingst
(Fig. 8) with the new parameterization, especially in the spring season. During sum-
mer there are very small variations between the old and the new methodology. Dur-
ing mid summer and during winter the concentrations are underestimated. Similar
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improvements are seen for the Tange station (Fig. 9) and at this site the simulated win-
ter and summer concentrations are at the same level as the measurements. For the
Westerland site the model predicts zero concentrations in periods where the measure-
ments are in general very low and also during several periods during the summer where
the measurements show concentrations of several ppb. During spring from March to5

May the model calculations are improved significantly at the Westerland site.
Figure 11 shows four different scatter plots comparing measured and modeled NH3

concentrations for the selected German and Danish measurement sites and using the
original and the new emission parameterization (dk improved scenario). For the Danish
stations the improvements are very visible in the scatter plot and more pronounced10

than for the German stations, and this is reflected in the large increase in correlation
coefficients in Table 3.

4 Discussion

The modular approach used in the presented dynamic emission model allows for re-
gional calibration of local agricultural practice such as how much time the animals are15

allowed to graze on the fields; information which in this case is obtained from RAINS
data (Fig. 2), how the emission from fertilizer is distributed among specific applica-
tion times in case default values are used (Table 3) and how specific target areas can
be improved by using more detailed information than the RAINS systems such as Ta-
ble 1 by Skjøth et al. (2008). The dynamical model produces large variations in diurnal20

NH3 emission patterns (Figs. 8, 9 and 10), which is primarily related to variations in
meteorology affecting the volatilization of NH3. The emission model accounts for the
north-south gradients that are related to differences in growth season which again is af-
fecting the timing of manure application: southern regions have an earlier spring peak
than more northerly regions (see e.g. the Supplement with the animations).25

The dynamic model in general captures the observed low values in winter and the
steep increase in NH3 emissions during spring, which is mainly due to the spring
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application of manure and mineral fertilizer. However, the model tends to overestimate
the extremes in the emission pattern, especially for the spring peak. This overestima-
tion might be related to the fact, that the model assumes that application of manure
takes a certain amount of time in each grid cell and that this amount of time is cali-
brated against Danish production methods (Skjøth et al., 2004). It is likely, that farmers5

outside Denmark spend more time on applying manure and fertilizer than the Danish
farmers. This can be taken into account by the model by increasing the factor σi in
Eq. (2). The preliminary validations show that the model is leading to underestima-
tion in winter and mid summer whereas some overestimation is found for the spring
peak. The overall increase in performance of NH3 concentrations when the dynamic10

emission model is implemented for central and northern Europe is considerably lower
than what was found in the validation of the implementation for Denmark (Skjøth et
al., 2004). This is clearly seen in Table 3, where the highest correlations are found for
the Danish stations and the lowest for the German stations. This is likely a result of a
variety of uncertainties in the assumptions, and especially in the underlying input data15

used for the implementation. A part of the explanation may thus be that the agricultural
practice is not as well defined and as homogeneous for all the other northern Euro-
pean countries as it is in Denmark where the agricultural practice is heavily controlled
by the Danish legislation and local regulation (Skjøth et al., 2008). Another factor is
the numbers used in Table 2, which have been derived from the RAINS system and20

distributed according to simple assumptions. As an example, the RAINS system states
a use of 88.3 kTonnes Urea (15% loss) and 941.7 kTonnes other fertilizers (1.25% loss)
in the UK and 1.5% kTonnes Urea (15% loss) and 250 kTonnes other fertilizers (2.14%
loss) for Denmark respectively. Such factors result in significant differences in the dis-
tribution of the total ammonia emission related to each of the functions. Additionally,25

the contribution from crops is not included. This is clearly a weakness in the derived
inventories as these emissions may be significant (Gyldenkærne et al., 2005). Only
a limited number of countries include emissions from crops in national inventories like
those available from EMEP. A much better estimate than the default numbers in Table 2
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is likely to be specific country based activity data as it is shown in this paper for the
Danish area. A third factor is the information about the exact location of the agricultural
fields and more detailed information about the location, amount and type of animals.
Again this is an area where very detailed and high quality data are available for Den-
mark. Data of similar detail cannot currently be obtained for other countries, but there5

may be some possibilities in analyses of satellite images and using international or
national statistical data concerning agricultural holdings.

Precipitation events may in some cases make it impossible for the farmer to drive on
the fields, and this can thereby delay the manure application in spring time for up to a
couple of weeks. Naturally, the simple growth model, which is applied for determination10

of the timing of the manure application in spring, cannot capture this situation. Precipi-
tation events have been found to explain an offset which has been observed for certain
years in the timing of the manure application in Denmark. There are several possible
ways that this type of information could be obtained and accounted for in the modelling:
it could be done by reporting from the local farmers, but alternatively satellite obser-15

vations might also be a way to determine the exact timing of the manure application
periods in spring.

It is well-known that the split between gas phase NH3 and aerosol phase NH+
4 may

not be correct when filter pack measurements like those under the EMEP measure-
ment programme are performed. The sum of the two compounds, the NHx, is gen-20

erally considered considerably more robust. Comparisons to denuder measurements
have shown that for Danish conditions this split is well determined (Andersen and Hov-
mand, 1994), but for other EMEP sites this is a major uncertainty in the validation and
the explanation for also performing comparisons between model calculations and mea-
surements of NHx. Here it is interesting to see, that the dynamical NH3 emission model25

improves at all the investigated sites, and that the improvements are not reflected totally
in the NHx concentrations at the same sites. The reason with these limited improve-
ments for NHx concentrations remains unexplained as it can be related to limitations of
the applied emission inventory (assumptions or geographical coverage), uncertainties
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in the CTM model concerning the chemical scheme and particle formation or uncer-
tainties related to grid resolution or the meteorological input. This suggests additional
studies with CTM models with focus on ammonia and its transformation into ammonium
including factors that affects this transformation.

The dynamic emission model may be applied with or without scaling of the emis-5

sions to officially reported values on annual basis. In the present study emissions are
scaled country wise to the national total annual NH3 emissions reported to EMEP. How-
ever, when scaling is omitted, the dynamic emission model may be used to account for
inter-annual variations resulting from the variations in meteorological conditions; inter-
annual variations that most likely are not accounted for in the values reported by the10

various countries to EMEP. This provides the basis for estimating the impact of climate
change on NH3 which again will affect important issues like e.g. atmospheric N deposi-
tion to marine waters that are under high nutrient pressure like the Baltic Sea (Hertel et
al., 2003), the impact of future climate on the atmospheric nitrogen loads to the Baltic
waters remain an issue that is considered an open question (Langner et al., 2009). An-15

other even more important issue is the loading of sensitive terrestrial ecosystems that
often receive large local contributions to the nitrogen loadings from local agricultural
sources (Hertel et al., 2006).

5 Conclusions

We present here a model code for calculating ammonia emission on European scale.20

The model code is freely available and flexible for use with respect to geographical
area and underlying assumptions. The model results are limited by amount and qual-
ity of input data but the presented work has demonstrated that even with scarce and
rather uncertain information about agricultural practice and production methods, im-
provements in CTM modelling may be obtained from applying a dynamic NH3 emis-25

sion model. The performance is very good for Denmark where highly detailed data
of high quality is available whereas the performance improvements are considerable
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in the first application for northern to central Europe presented in the present paper.
This suggest additional experiments with the emission model, especially in well stud-
ied areas like the UK where detailed inventories are available (Dragosits et al., 1998;
Sutton et al., 2000) as well as surveys of farming practice (Hellsten et al., 2008). Better
performance is foreseen when more detailed and more precise information is available5

in a near future.

6 Perspectives and further work

It is outside the scope of this paper to provide a large number of CTM calculations after
the implementation of the dynamic emission model for the northern European region.
More detailed studies are therefore planned including an implementation in both the10

DEHM and the EMEP models in order to test model differences as well as the effect on
the calculations of other chemical species. It is also possible to test the implementation
of the dynamic emission model with more detailed data than what has been available
for this work.

The presented implementation of the dynamic model is based on country wise dis-15

tributions between the agricultural emission categories (Fkt1–Fkt15). However, even
for Denmark large differences in agricultural activities are seen across the country, this
is especially the case with respect to animal households (most of the animal produc-
tion in Denmark takes place in the western parts of the country). Inclusion of data on
sub-national level to account for variations in agricultural activities within the countries20

will therefore be a focal point in the further development and implementation of the
dynamic emission model. Some of the sub-national level data are likely to be obtained
from EUROSTAT which holds some information about animal households, crops and
location of fields on sub-national level. More detailed information about animal house-
holds will also improve the inventory in relation to use of mineral fertiliser since this25

is used as supplement to manure application to ensure the needs of the crops on
the fields. Another area that calls for improvements in comparison to the presented
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implementation is the information about local manure storage capacity. This type of
information has not been used in the presented study, but it is valuable information in
relation to determining the timing of manure application.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/2123/2011/5

acpd-11-2123-2011-supplement.zip.
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Table 1. The 16 different functions describing temporal variation in NH3 emissions from various
activities; 15 agricultural activities and one related to catalytic converters in personal vehicles.

Function (Fkt1–Fkt16) Description

1 Animal houses with forced ventilation
2 Open animal houses (non-forced ventilation)
3 Manure storages
4 Winter crops (no emission simulated in this study)
5 Spring crops (no emission simulated in this study)
6 Late spring crops (no emission simulated in this study)
7 Grass
8 Spring application of manure on bare soil
9 Application of manure on crops
10 Summer application of manure
11 Autumn application of manure
12 Spring application of fertilizer (90% of all fertilizer)
13 Summer application of fertilizer (10% of all fertilizer)
14 Emission related to grazing cattle
15 Emissions related to ammonia treated straw
16 Emissions related to personal vehicles with catalytic converters
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Table 2. Distribution of the NH3 emissions on the agricultural activities based on the description
in Sect. 2.2 and annual national animal numbers, emission factors etc. from IIASA reviews. The
distribution is used to scale gridded total emission inventories into sector based inventories that
can be used by formula 1 and 2: the 16 different emission category functions in the emission
model (the applied agricultural categories are listed in Table 1).

Name CU Fkt1 Fkt2 Fkt3 Fkt8 Fkt9 Fkt10 Fkt11 Fkt11a Fkt12 Fkt13 Fkt14 Fkt15

Austria AT 0.23 0.11 0.16 0.07 0.07 0.07 0.06 0.06 0.06 0.01 0.10 0.01
Belgium BE 0.32 0.09 0.04 0.07 0.07 0.07 0.06 0.06 0.04 0.00 0.09 0.07
Belarus BY 0.20 0.09 0.07 0.09 0.09 0.00 0.05 0.05 0.28 0.03 0.05 0.01
Switzerland CH 0.11 0.14 0.11 0.05 0.05 0.19 0.09 0.09 0.08 0.01 0.04 0.03
Czech Republic CZ 0.22 0.05 0.10 0.10 0.10 0.01 0.05 0.05 0.20 0.02 0.06 0.03
Denmark DK 0.26 0.06 0.14 0.14 0.14 0.05 0.06 0.06 0.06 0.01 0.03 0.01
Germany FGD 0.19 0.08 0.18 0.10 0.10 0.02 0.06 0.06 0.15 0.02 0.03 0.02
France FR 0.17 0.07 0.11 0.07 0.07 0.07 0.06 0.06 0.20 0.02 0.09 0.01
United Kingdom GB 0.07 0.13 0.10 0.05 0.05 0.03 0.03 0.03 0.38 0.04 0.04 0.05
Italy IT 0.11 0.05 0.21 0.11 0.11 0.02 0.06 0.06 0.21 0.02 0.03 0.00
Lithuania LT 0.07 0.07 0.06 0.03 0.03 0.03 0.03 0.03 0.39 0.04 0.05 0.16
The Netherlands NL 0.20 0.10 0.12 0.11 0.11 0.09 0.08 0.08 0.04 0.00 0.05 0.03
Norway NO 0.15 0.15 0.17 0.09 0.09 0.06 0.07 0.07 0.04 0.00 0.11 0.01
Poland PL 0.20 0.09 0.07 0.09 0.09 0.00 0.05 0.05 0.28 0.03 0.05 0.01
Kaliningrad RUA 0.20 0.09 0.07 0.09 0.09 0.00 0.05 0.05 0.28 0.03 0.05 0.01
Sweden SE 0.15 0.15 0.17 0.09 0.09 0.06 0.07 0.07 0.04 0.00 0.11 0.01
Slovakia SK 0.22 0.05 0.10 0.10 0.10 0.01 0.05 0.05 0.20 0.02 0.06 0.03
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Table 3. Correlation coefficients and bias between measured and modelled NH3 before and after implementation

of the new dynamic NH3 emission inventory for northern Europe. Two steps have been used in the implementation of

the new dynamic emission model. In the first step data (new) from the RAINS model have been used to distribute the

national emissions in each grid cell of the high resolution domain. In the second step (dk), the previously presented

detailed Danish emission distribution on the 16 emission functions presented in Table 1 in (Skjøth et al., 2004h; Skjøth

et al., 2008a) have been implemented as a supplement to the RAINS data. Calculations are performed with the DEHM

model for the year 2007. * At Keldsnor measured values from three days in October 2007 have been excluded here as

they were unusual high and probably represented very local emissions.

Correlation coefficient Bias [µg/m3]
type year spring summer autumn winter year spring summer autumn winter

Zingst

old 0.61 0.18 0.61 0.73 0.61 0.45 0.10 0.87 0.53 0.29
new 0.68 0.43 0.65 0.71 0.56 0.40 0.35 0.46 0.51 0.26
dk 0.68 0.43 0.66 0.71 0.56 0.39 0.35 0.44 0.49 0.30

Langenbrügge

old 0.37 −0.03 0.38 0.54 0.15 −0.24 −0.44 −0.03 0.24 −0.73
new 0.48 0.18 0.21 0.49 0.59 −0.47 0.25 −1.56 0.15 −0.67
dk 0.48 0.18 0.22 0.50 0.59 −0.47 0.25 −1.56 0.15 −0.67

Westerland

old 0.59 0.25 0.77 0.74 0.51 0.82 0.27 0.93 1.41 0.60
new 0.62 0.32 0.79 0.71 0.41 0.75 0.49 0.51 1.39 0.58
dk 0.69 0.34 0.81 0.74 0.41 0.74 0.49 0.43 1.30 0.70

Neuglobsow

old 0.27 −0.16 0.04 0.29 0.23 −0.14 −0.36 0.23 −0.01 −0.45
new 0.61 0.44 0.39 0.17 0.66 −0.37 0.07 −1.00 −0.09 −0.46
dk 0.60 0.38 0.37 0.17 0.62 −0.31 0.11 −0.85 −0.07 −0.44

Anholt

old 0.47 0.41 0.58 0.59 0.44 −0.04 −0.07 0.02 0.01 −0.15
new 0.59 0.55 0.58 0.48 0.45 −0.05 0.00 −0.10 0.01 −0.14
dk 0.74 0.56 0.75 0.52 0.45 −0.05 0.00 −0.11 −0.04 −0.06

Keldsnor*

old 0.41 0.31 0.47 0.52 0.26 −0.12 −0.21 0.08 −0.15 −0.20
new 0.44 0.47 0.57 0.41 0.14 −0.14 0.03 −0.17 −0.16 −0.22
dk 0.51 0.51 0.67 0.41 0.19 −0.14 0.02 −0.20 −0.28 −0.08

Lindet

old 0.39 0.49 0.34 0.55 0.60 −0.02 −0.19 0.38 0.42 −0.45
new 0.55 0.33 0.63 0.56 0.26 −0.36 0.14 −0.92 0.07 −0.69
dk 0.71 0.38 0.76 0.59 0.42 −0.28 0.13 −0.78 −0.41 −0.19

Tange

old 0.46 0.55 0.57 0.56 0.10 0.14 −0.16 0.84 0.37 −0.46
new 0.55 0.45 0.58 0.38 −0.10 −0.32 0.13 −0.55 0.01 −0.85
dk 0.77 0.50 0.76 0.51 0.05 −0.33 0.11 −0.78 −0.42 −0.26

Ulborg

old 0.60 0.61 0.72 0.83 0.56 −0.69 −0.82 −0.36 −0.40 −1.15
new 0.66 0.42 0.73 0.65 0.33 −0.77 −0.25 −1.45 −0.42 −1.07
dk 0.78 0.50 0.77 0.77 0.35 −0.79 −0.26 −1.70 −0.82 −0.51
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Table 4. Correlation coefficients and bias between measured and modelled sum of NH3 and NH+
4 (NHx) before and

after implementation of the new dynamic NH3 emission inventory for northern Europe. Two steps have been used in

the implementation of the new dynamic emission model. In the first step data (new) from the RAINS model have been

used to distribute the national emissions in each grid cell of the high resolution domain. In the second step (dk), the

previously presented detailed Danish emission distribution on the 16 emission functions presented in Table 1 in (Skjøth

et al., 2004h; Skjøth et al., 2008a) have been implemented as a supplement to the RAINS data. Calculations are

performed with the DEHM model for the year 2007. * At Keldsnor measured values from three days in October 2007

have been excluded here as they were unusual high and probably represented very local emissions.

Correlation coefficient Bias [µg/m3]
type year spring summer autumn winter year spring summer autumn winter

Zingst

old 0.65 0.60 0.57 0.65 0.76 0.78 0.49 1.13 0.87 0.60
new 0.59 0.53 0.67 0.61 0.42 0.79 1.03 0.68 0.84 0.64
dk 0.60 0.53 0.67 0.63 0.43 0.79 1.03 0.64 0.81 0.69

Langenbrügge

old 0.46 0.56 0.44 0.36 0.43 −0.08 −0.05 −0.08 0.52 −0.69
new 0.41 0.45 0.43 0.34 0.22 −0.19 0.98 −1.59 0.42 −0.53
dk 0.41 0.45 0.44 0.34 0.23 −0.19 0.98 −1.60 0.43 −0.52

Westerland

old 0.71 0.68 0.78 0.71 0.74 1.24 0.84 1.41 1.73 0.94
new 0.66 0.63 0.81 0.68 0.42 1.23 1.24 1.00 1.69 1.00
dk 0.70 0.64 0.81 0.70 0.50 1.21 1.23 0.90 1.58 1.14

Neuglobsow

old 0.39 0.63 0.13 0.20 0.33 0.07 −0.04 0.18 0.37 −0.25
new 0.42 0.45 0.50 0.12 0.11 −0.06 0.76 −1.08 0.28 −0.18
dk 0.42 0.48 0.48 0.14 0.12 0.00 0.80 −0.94 0.29 −0.15

Anholt

old 0.66 0.62 0.64 0.56 0.73 0.69 0.61 1.00 0.64 0.49
new 0.53 0.47 0.57 0.58 0.44 0.71 0.80 0.86 0.62 0.55
dk 0.61 0.53 0.68 0.58 0.49 0.60 0.76 0.56 0.51 0.54

Keldsnor*

old 0.65 0.61 0.64 0.57 0.64 0.82 0.69 1.30 0.77 0.53
new 0.56 0.45 0.70 0.50 0.31 0.86 1.10 1.08 0.75 0.56
dk 0.65 0.61 0.64 0.57 0.64 0.82 0.69 1.30 0.77 0.53

Lindet

old 0.43 0.45 0.48 0.59 0.49 1.08 0.99 1.70 1.56 0.38
new 0.49 0.23 0.65 0.67 0.27 0.77 1.42 0.35 1.18 0.19
dk 0.61 0.26 0.75 0.69 0.39 0.85 1.40 0.49 0.66 0.70

Tange

old 0.54 0.52 0.67 0.52 0.48 0.94 0.70 1.86 1.10 0.14
new 0.52 0.25 0.60 0.44 0.07 0.50 1.09 0.42 0.71 −0.21
dk 0.67 0.26 0.70 0.51 0.24 0.48 1.07 0.17 0.24 0.41

Ulborg

old 0.66 0.57 0.77 0.84 0.52 0.09 −0.05 0.71 0.30 −0.49
new 0.59 0.42 0.67 0.73 0.26 0.04 0.62 −0.41 0.26 −0.37
dk 0.67 0.42 0.69 0.81 0.38 0.01 0.60 −0.67 −0.17 0.21
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Fig. 1. The applied model grid, which is defined using a polar stereographic projection using a
regular 96×96 grid with a 32◦ rotation (this is a true subset of the EMEP grid http://www.emep.
int/grid/griddescr.html, Fagerli and Aas, 2008). In the northern European region (the shaded
area) the NH3 emission functions are applied for a sub-domain which is defined with a three
times higher resolution than the parent grid.
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Fig. 2. Number of grazing days for cattle in Europe. Data obtained from the RAINS model work
at the IIASA research centre, Vienna, Austria.
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Fig. 3. Measurement stations in Germany and Denmark used in the preliminary validation
presented in this paper.
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Fig. 4. The computed spatial distribution in NH3 emissions over Europe produced from the dy-
namic emission model for 15 February 2007 at 12:00 UTC. The emissions are given in kTonnes
N/16.67 km×16.67 km/hour.

2152

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2123/2011/acpd-11-2123-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2123/2011/acpd-11-2123-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2123–2159, 2011

Spatial and temporal
variations in

ammonia emissions

C. A. Skjøth et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. The computed spatial distribution in NH3 emissions over Europe produced from the
dynamic emission model for 15 April 2007 at 12:00 UTC. The emissions are given in kTonnes
N/16.67 km×16.67 km/hour.
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Fig. 6. The computed spatial distribution in ambient air NH3 concentrations over Europe from
the DEHM model for 15 February 2007.
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Fig. 7. The computed spatial distribution in ambient air NH3 concentrations over Europe from
the DEHM model for 15 April 2007.
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Fig. 8. Left figure shows time series for the seasonal variation in emissions for the various
agricultural emission categories. Right figure shows a comparison between modelled and mea-
sured NH3 ambient air concentrations in 2007 for the German site Zingst. Model calculations
are performed with DEHM using the traditional emission calculation methodology (old) and the
new dynamic NH3 emission model (dk improved), where the resulting emission profile for the
latter is also shown.
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Fig. 9. Comparison between modelled and measured NH3 ambient air concentrations in 2007
for the German site Westerland (lower figure) and the Danish site Tange (upper figure). Model
calculations are performed with DEHM using the traditional emission calculation methodology
(old) and the new dynamic NH3 emission model (dk improved), where the resulting emission
profile for the latter is also shown.
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Simulated emission of ammonia during March-April 2007
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Fig. 10. The hourly variation in simulated NH3 emissions from the dynamic emission model.
Data are shown for March to April 2007 for the Danish site Tange and for the two German Sites:
Langenbrügge and Neuglobsow.
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With new time variation
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With new time variation
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Fig. 11. Scatter plots between observed and modelled diurnal mean NH3 concentrations. All
calculations are performed with the DEHM model and using both the original and the new
dynamic NH3 emission model for northern Europe. The results are divided in the Danish and
German monitoring sites. (a) German stations using the original NH3 emission inventory (b)
German stations using the new NH3 emission inventory (c) Danish stations using the original
NH3 emission inventory (d) Danish stations using the new NH3 emission inventory.
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