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Abstract. Deriving a parameterisation of ammonia emis- More importantly, NH plays a significant role in eutrophica-
sions for use in chemistry-transport models (CTMs) is a com-tion of sensitive mainly terrestrial ecosystems (Sutton et al.,
plex problem as the emission varies locally as a result of locaR009; Theobald et al., 2009). Agricultural activities are the
climate and local agricultural management. In current CTMsfar dominating sources of Ngemissions (Bouwman et al.,
such factors are generally not taken into account. This papet997). In the vicinity of intense agricultural activities, de-
demonstrates how local climate and local management caposition of atmospheric Niimay therefore totally dominate
be accounted for in CTMs by applying a modular approachthe overall load of reactive nitrogen (N) from the atmosphere
for deriving data as input to a dynamic ammonia emission(Hertel et al., 2006).

model for Europe. Default data are obtained from informa- |, grder to perform high quality assessments of the local
tion in the RAINS system, and it is demonstrated how this \y. geposition, a high spatial resolution (better than the cur-
dynamic emission quel based on these input data improvegsnt 50 kmx 50 km EMEP inventory) in NH emissions is
the NH; calculations in a CTM model when the results are ¢ cia| (pul et al., 2004). However, also the temporal reso-
compared with calculations obtained by traditional methodsion plays a very important role. A US study (Gilliland et
in emission handling. It is also shown how input data can bea|_,

modified over a specific target region resulting in even further ¢ \ deposition, the description of seasonal variation ingNH

improvement in performance over this domain. The modelgnissions may be very important for the model performance,

code and the obtained default values for the modelling x4 the results may be improved also when simplified sea-

periments are available as supplementary information to thigqong functions are applied and diurnal variations are disre-
article for use by the modelling community on similar terms garded. Similarly, a European study has shown that a high
as the EMEP CTM model: the GPL licencse v3. temporal and spatial resolution in nitrogen oxide ¢Y@nd
NH3 emissions is crucial when modelling aerosol concentra-
tions (de Meij et al., 2006). In fact high temporal and spatial
1 Introduction resolution in the emission of reactive N species is considered

) _ ) _ crucial in modelling policy related reduction strategies (Reis
Ammonia (NH) plays an important role in the formation of et )., 2009).

atmospheric aerosols, and its reaction products (ammonium
salts) may constitute a significant fraction of the ambient
aerosol concentration. This fraction is often in the range of
30 %, but it may in some cases be even more than 50 % (An
derson et al., 2003) of the aerosol mass in,BMnd PMg.

2003) has shown that even for regional scale assessments

Danish studies have shown significant improvements in
model performance in regional N deposition assessments by
replacing static seasonal variations by a dynamic approach
which is accounting for physical processes like volatilization
of NH3 but also for local agricultural production methods
including seasonal timing of manure application (Skjgth et

Correspondence taO. Hertel al., 2004). This dynamic approach is considered as current
m (ole.hertel@dmu.dk) state-of-the-art in regional NgHemission modelling (Hertel
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et al., 2006; Pinder et al., 2006; Zhang et al., 2008) but thgTotal Ammonia N (NH and NI—Q)), pH, temperature, and
requirements for this type of dynamical models are accessvind speed. The volatilisation of NHs thus highly tem-
to detailed information about activity data and the spatialperature dependent and varies significantly over day and sea-
distribution in emissions on annual basis. We have previ-son (Gyldenkeerne et al., 2005; Skjgth et al., 2004). The re-
ously shown that this requirement is met in Denmark wheregional variation reflects local production methods and agri-
it is possible to obtain the necessary input data. The Dan<cultural practice, which again to a large extent is governed by
ish ammonia emission inventory relies on highly detailed na-regional scale climatic conditions. Generalising the Danish
tional agricultural registers containing exact location of farm approach to other European countries is challenging, because
houses, storages, and associated fields, as well as data only parts of the necessary information is available at suffi-
type and number of livestock, and information about ap-cient detail for all countries. Additionally, the available in-
plied production methods (Gyldenkaerne et al., 2005; Skjgthformation vary considerably in quality and detail. The model
et al., 2004). This highly detailed Danish ammonia emis-studies by Skjgth et al. (2004) have shown that improving
sion inventory has previously been presented and tested ispatial and temporal resolution in emissions in a sub-domain
a CTM. The comparisons between computed and measureidhproves the obtained model results inside the sub-domain.
ambient NH concentrations demonstrated considerable im-Further analysis in connection with the present work has
provements in model performance over Denmark when thedemonstrated that the improvements extend to measurement
high spatial and temporal resolution emission inventory wasstations outside but within the vicinity of the high resolution
applied (Skjgth et al., 2004). Despite the improvements ob-domain. These positive results call for a modular based ap-
tained by Skjgth et al. (2004) and the recommendations giveproach that can handle data of varying degree of detail for
by Gilliland et al. (2003) and de Meij et al. (2006), simple different countries and regions in order to obtain the highest
and generally static methods of relatively coarse resolutiorspatial and temporal resolution for which reliable informa-
are still applied in European regional scale CTMs like thetion is available and applicable.
EMEP model (Fagerli and Aas, 2008), CHIMERE (de Meij  The aim of the present paper is thus to present a modu-
et al., 2009), TM5 (de Meijj et al., 2006), MATCH (Langner lar based approach for dynamic Niemission modelling on
etal., 2009) and LOTUS-EUROS (Barbu et al., 2009). Emis-regional scale, and as a part of this work to investigate and
sion inputs to these models are based on emission inventorigtescribe the available input data on European scale. This is
like EMEP SNAP category level 1 or GENEMIS (Bouwman exemplified by applying the approach for the year 2007. The
et al., 1997), that typically distributes the annual emissionsmodel domain covers central and northern Europe and the
applying fixed seasonal variations (see the functions in theesults are subsequently implemented in a typical grid based
EMEP model (Fagerli and Aas, 2008). The reason for theseChemistry-Transport Model (CTM) — in this case the Danish
simplifications is most likely that detailed agricultural regis- Eulerian Hemispheric Model (DEHM) (Christensen, 1997;
ters are not generally available in other countries than Denfrohn et al., 2002). Computations performed with DEHM
mark. Within the framework of COST ES0602 (Chemical are compared with measurements of ambieng bincen-
Weather Forecasting) an inter-comparison of air pollutiontrations obtained from the EMEP system, where we have in-
forecast systems in Europe dedicate an entire sub-chapteluded all available stations that are considered representa-
to this NHs emission issue (Menut and Bessagnet, 2010).tive for their region (not influenced by a single or few nearby
Menut and Bessagnet state that none of the 27 air pollutiorNHz sources).
forecasting systems in Europe contain a temporal profile for
ammonia emissions that is sufficiently accurate. Menut and
Bessagnet therefore suggest that a dynamical approach of eg- Methodology
timating the ammonia emissions should be implemented in
these systems (Menut and Bessagnet, 2010). A similar cor2.1 Model domain and meteorological input
clusion was presented almost ten years earlier by (Hutchings
et al., 2001) and they also stated that a main limitation forNHs emissions are simulated using the dynamic model
such emission models to be successful was the lack of reli{Gyldenkaerne et al., 2005; Skjgth et al., 2004) for a domain
able input data. This calls for ways to obtain detailed datacovering part of northern and central Europe (Figs. 1, 4 and
alternative to the use of registry data as it is done in Den-5), which corresponds to nest 2 in the DEHM model. The
mark. And in case this is possible to explore the possibility DEHM model domain is over Europe defined using a po-
of extending the Danish approach to Europe or even othefar stereographic projection using a regula<g®b grid with
parts of the world. a 32 rotation with 50 kmx 50 km grid resolution at 60N
Emissions of NH from animal waste is a physical pro- (this is a true subset of the EMEP gtittp://www.emep.int/
cess that takes place from wet surfaces (Elzing and Montenygrid/griddescr.htm{Fagerli and Aas, 2008)). In the central
1997). It is important to note that organic bound N in the and northern European region (Fig. 1), where the high res-
manure is not a direct source of NHThe NH; emission  olution NHz emission model is applied, the sub-domain has
strength is therefore mainly related to the context of TAN a three times higher resolution than the parent grid (Fig. 1)
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Grazing days according to RAINS (mean value)

B a2-55 [ 11-138 [ 149- 165 [ 185- 216
Fig. 1. The applied model grid, which is defined using a polar stere- [ 56- 110 [ 139- 148 [0 166- 134 [ 217- 240
ographic projection using a regular 986 grid with a 32 rotation
(this is a true subset of the EMEP gtidtp://www.emep.int/grid/  Fig. 2. Number of grazing days for cattle in Europe. Data obtained
griddescr.htm(Fagerli and Aas, 2008)). In the Northern European from the RAINS model work at the IIASA research centre, Vienna,
region (the shaded area) the jlEmission functions are applied for Austria.
a sub-domain which is defined with a three times higher resolution
than the parent grid.

have been obtained for the year 2007 at 9 different mea-

surement sites; 5 in Denmark and 4 in Germany (Fig. 3).
corresponding to a grid resolution of 16.67 knd6.67km at  The stations constitute a mix of beeing located directly in
60° N. Meteorological input for the Nglemission model and  agricultural areas (Ulborg, Tange, Lindet, Neuglosow, Lan-
for the DEHM model have been obtained from the weathergenbtigge), being coastal stations (Westerland, Keldsnor,
forecasting model MM5 (Grell et al., 1994) run with a grid Zingst) and one located on an island (Anholt) with very lim-
resolution in the domain and sub-domain corresponding tdted husbandry and more than 30 km to the main land. The
the receptor net in DEHM. The data from the pleimission = measurement station Vreedepeel in the Netherland was also
model are generated with a temporal resolution of one houran option in this context, but this station has been disregarded
are analyzed and afterwards implemented in a typical CTMas this site is known to be influenced by very local sources
model: DEHM. The resulting ambient air concentrations arewhich generally make it difficult to reproduce the observed
computed with a version of the Danish Eulerian Hemisphericlevels by regional scale CTMs.
Model (DEHM) (Christensen, 1997; Frohn et al., 2002), The ambient air concentrations are measured using the fil-
which includes two subsequent nests. In this setup, DEHMter pack method (Ellermann et al., 2009; Skjath et al., 2008).
is a comprehensive CTM including 67 chemical species andt is well known that the filter pack method does not give a
a full 3-D description of the lower atmosphere. The model complete separation of NHand NHf but, comparisons be-
domain covers most of the northern hemisphere with 2 nestsween filter pack and denuder sampling have demonstrated
with increased resolution over Europe and Northern Europethat for Danish monitoring stations a satisfactory separation
where the new dynamic emission inventory is included in thecan be obtained (Andersen and Hovmand, 1994).

nested domain over northern to central Europe.
2.3 Temporal variation in NH3 emissions

2.2 Measurement data and location of stations
The temporal variability of the Nglemissions is described

There are only few locations in the EMEP measurement netin 15 additive functions reflecting different agricultural ac-
work from which NH; measurement data can be obtainedtivities. Furthermore a 16th function is included in order to
from the routine database in the programme. For the currendlescribe the Nkl emissions from traffic. A short descrip-

work, measured diurnal mean concentrations ofsNddd  tion of what is covered by the various functions is given
NHy (the sum of gas phase NHand aerosol phase l\]{l—) in Table 1. The applied functions were originally derived
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o1 N . . L . .
F B Table 1. The 16 different functions describing temporal variation
g | N in NH3 emissions from various activities; 15 agricultural activities
° and one related to catalytic converters in personal vehicles.
g Function
Description
,Anholt J (Eﬁl )
Ulborg Tange 16,
DENMA p 1 Animal houses with forced ventilation
2 Open animal houses (non-forced ventilation)
Westerland —det - 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)

.... ,Neualosow ; S::;Sg application of manure on bare soil
Langenbriigg
SRR POLAND 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)
GERMANY 13 Summer application of fertilizer (10 % of all fertilizer)
14 Emission related to grassing cattle
CZ REP 15 Emissions related to ammonia treated straw
0 50 100 200 300 o0, t‘ 16 Emissions related to personal vehicles with catalytic converters
llometers

Fig. 3. Measurement stations in Germany and Denmark used in the

reliminary validation presented in this paper. . L -
P y P pap sions due to application of fertilizer and manure can be asso-

ciated with plant growth, as farmers add fertilizer according

for Danish conditions and presented in Skjath et al. (2004)0 Plant need. CTMs are generally grid based, and one sin-
However, several of the underlying studies for producing the9!€ 9rid cell covers an area that includes many farm houses
15 functions or parameterizations such as the applied growtfsVe" for models of high spatial resolution. Farms and farmers
model (Olesen and Plauborg, 1995) and the farm surveys b at operat_e in suc_h a domain will not all be ac_tlw_a at exactly
Seedorf et al. (1998a; 1998b) are to be considered more gedl® Same time. This means that the localdertission may
eral, were the latter are based on European scale studies. TH characterized by a statistical distribution and not by short
suggests that the functions may be directly applicable for thd®'™m Peak values. Nevertheless the overall emission from
large parts of the European area. The functions(kts) each region represented by a grid cell will be affected by the

that are applied for emissions from stables and manure stofdctual meteorological conditions. This statistical distribution
ages are shown in EqL will depend on agricultural practice and crop types. The tem-

poral variations for these activities have therefore been pa-
__Exy) rameterized by the gauss functions shown in 2. \¢here
Epof(x,y)

the peaks of the gauss functions are determined by a simple
The index i refer to the number of the emission function,

crop growth model:
where Fki refer; to animal houses with forced ventilation, Fkt, = ( VH10corr X Teorr X Ei(x.y) )
Fkt, to open animal houses, and Ekb manure storages. Epot (X,y)
The x and y refer to the coordinates for the model grid in x- o2

. . . . . i (X%.Y))
direction and y-direction, respectively;(ky) represents the e(i)
officially reported annual Nklemission for the specific grid x ————
cell (x,y); an emission which is identical to the aggregated o2
emission from all categories. Epot(x,y) is the scaling factorThe parameter;(x,y) varies from grid cell to grid cell, and
for the emission potential of the grid celli(x,y) is the am- it is defined as the time of year when the gauss function
bient air temperature either inside the animal houses or at theeaches its maximum, which again depends on local produc-
surface of the manure storage. The functions describing théion methods and type of crops. This parameter is determined
relation between ambient outdoor temperature and temperaising the crop growth model in a preprocessing step, as a
ture in animal houses or manure storages are given in Skjgtfunction of a temperature sum which again is specific for the
et al. (2004). activity; the expressions for the temperature sum are given

Emissions of NH related to the remaining agricultural in Skjgth et al. (2004).0; is the spread of the gauss func-

activities (Fki—Fkt;5) are all more or less related to plant tion, where a large value means distribution over most of the
growth. Not only direct emissions from plants but also emis-year while a small value means that the emission takes place

Ft x (T(x,y)%8  i=[13] 1)

—202 ()

i =[4;15] (2)
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Table 2. Distribution of the NH emissions on the agricultural activities based on the description in section 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 CuU Fkt Fkty Fkt3 Fkig Fktg Fktyg Fkty1 Fktjra Fktio  Fktiz  Fktyg  Fkigs
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 032 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 0.14 011 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 o0.01 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 0.112 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 0.11 005 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
Netherlands NL 0.20 0.10 0.12 0.11 0.1 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 o0.01 0.05 0.05 0.20 0.02 0.06 0.03

during a short time period. VH1g, and Tcor are given by

fault”. Additionally the distribution among the 15 additive
Eq. (8) in Gyldenkaerne et al. (2005).

functions from the paper by Skjgth et al. (2008) has been
applied specifically over the Danish area in order to demon-
strate that it is possible to improve the model input data over
a specific target region. Model calculations with this data
- . : . ; set are termed “dkmproved”. Model calculations with the
activities has been de_rlved from national mformaﬂon abouti 4 gitional NH; emission methodology using static functions

type and number of livestock, number of grazing days for 4.4 termed “old”.

the cattle (see the European distribution in Fig. 2), spe-

cific emission factors, and local meteorology etc. This data

has to a large extent been based on information from they Results

database collected in relation to the RAINS model and es-

pecially a dedicated ammonia emission review (Klimontand3.1 The obtained emission inventory

Brink, 2004). The RAINS model database contains infor-

mation e.g. about the number of livestock of each animalln Table 2 country wise Nl emission distributions have
type in the European countries, national emission factors fobeen listed for the specific agricultural emission categories
each animal type, data regarding arable land and grass lanthat are represented by the 15 functions. A gridded data
The national reports contain information about the fractionset has been derived for the entire model domain (Fig. 1).
of the manure that is applied to crops in growth or perma-It is evident that even for central or northern Europe there
nent grass land. It is here assumed that areas with groware differences in agricultural practice that lead to signifi-
ing crops receive manure from livestock in spring or autumn.cant differences between the countries. One example is that
Similarly it is assumed that permanent grass land receivesome countries use vast amounts of mineral fertilizer (this
manure in spring, summer and autumn. The resulting relais e.g. the case for the Czech Republic, Poland and France),
tive distribution of ammonia emission between the 15 addi-while other countries use relatively small amounts (this is
tive functions is given in Table 2 on country basis. Table 2 the case for countries like Denmark and Norway) (segJ-kt
has afterwards been gridded to the DEHM sub-domain orand Fkiz in Table 2). Another example is from the variation
16.67 kmx 16.67 km grid resolution and combined with the in emissions related to animal production (Fkind Fkp).
emission inventory given by Hertel et al. (2002). This table Pigs are the dominating part of the livestock production in
is the default data set supplied by the model. Model cal-Denmark leading to Fktand Fkg values of 0.26 and 0.06,
culations with this dataset are in the following termed “de- whereas the similar values for Norway are 0.15 and 0.15 due

2.4 Country wide data regarding agricultural emissions

The distribution of the NH emissions on the agricultural

www.atmos-chem-phys.net/11/5221/2011/ Atmos. Chem. Phys., 11,5226-2011
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- " - P
Emissions of NH; the 15™ of Feb 2007 Emissions of NH; the 15" of Apr 2007
[ 0.0001 0.0005 - 0.0010 0.0020 - 0.0050 [ 0.0100 - 0.0200 [ 0.0001 0.0005 - 0.0010 0.0020 - 0.0050 [ 0.0100 - 0.0200
0.0001 - 0.0005 0.0010 - 0.0020 0.0050 - 0.0100 [l 0.0200 - 0.0002 - 0.0005 0.0010 - 0.0020 0.0050 - 0.0100 [l 0.0200 -

Fig. 4. The computed spatial distribution in NHemissions over  Fig. 5. The computed spatial distribution in NHemissions
Europe produced from the dynamic emission model for 15 Febru-over Europe produced from the dynamic emission model for
ary 2007 at 12:00UTC. The emissions are given in kTonnes15 April 2007 at 12:00 UTC. The emissions are given in k Tonnes
N/16.67 kmx 16.67 km h'L. N/16.67 kmx 16.67 kmh L.

to a more evenly distribution between pigs and cattle in this15 February and 15 April 2007, respectively. In February the
country. This difference affects the overall emission profile highest NH emissions are seen in Belgium, the Netherlands
since the temperature in pig barns is much higher comparednd in the Po Valley in Italy (Fig. 4). High emissions are also
with cattle barns. found in southern Germany, north and north-western Ger-
The relative distribution in Nkl emissions has in total many as well as in parts of Denmark and the UK. In contrast
been derived for 11 agricultural emission categories, and therery low emissions are found in Norway, Sweden and parts
obtained values are listed country by country in Table 2. Theof the Alpine region. In April (Fig. 5) highest emission ar-
remaining four agricultural categories (relating to the dy- eas are found in southern Germany, northern Germany, parts
namic emission functions Fkto Fkt;) are related to emis- of Netherlands, UK and Denmark. Low emissions are still
sions from crops, and have been disregarded due to insufffound in Norway, Sweden and the Alpine region. Large ar-
cient available information. In the distribution it has been eas of France, the Po Valey in Italy and the region between
assumed that manure application is equally split betweerermany and Poland are characterized by medium to high
spring and autumn application, whereas the application ofemissions in mid-April.
mineral fertiliser has been distributed with 90% in spring  Figure 8 shows the modelled hourly NHmission time
and only 109% in autumn. Application of manure to grass series from the German monitoring site Zingst in 2007. Re-
land has been assumed to take place evenly distributed on adlults are plotted on sector basis for each of the applied
application periods. Furthermore it is assumed that solid mafunctions. In winter, emissions are generally low and the
nure from cattle is applied on black soil (Gyldenkaerne et al.,main contributions are from pig housings (Pkand storage
2005), whereas liquid slurry from pigs is applied on growing (Fktz). Rapid increase in the emission is seen in early March,
crops (Gyldenkeerne et al., 2005). and the emission peaks during the first weeks of April. This
increase is related to manure application on bare soigjFkt
3.2 Simulated ammonia emissions: gridded and as time liquid manure application to growing crops (gktand min-
series eral fertilizer applied to growing crops (Rk). Summer
emissions are a factor of two higher than in winter emissions,
Figures 4 and 5 show the obtained spatial distributions ofbut significantly lower than during the spring. The differ-
NHs3 emissions for Europe computed for 12:00 UTC, the ence between summer and winter is a result of a higher “base

Atmos. Chem. Phys., 11, 5229236 2011 www.atmos-chem-phys.net/11/5221/2011/
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AL A
Concentrations of NH; [ugN/m?] the 15™ of Feb 2007, 12 UTC Concentrations of NH; [ugN/m®] the 15™ of Apr 2007, 12 UTC
below 0.1 0.2-05 1.0-2.0 [ 5.0- 100 below 0.1 0.2-05 1.0-2.0 [ 5.0-10.0
0.1-0.2 0.5-1.0 2.0-5.0 [l avove 10.0 0.1-0.2 05-1.0 2.0-5.0 [l above 10.0

Fig. 6. The computed spatial distribution in ambient air NH Fig. 7. The computed spatial distribution in ambient air lebn-
concentrations over Europe from the DEHM model for 15 Febru- centrations over Europe from the DEHM model for 15 April 2007.
ary 2007.

. 3.3 Simulated ambient concentrations and comparisons
load” from cattle barns (Flj, grazing cattle (Fkt), storage to measurements

(Fkt3), and a number of summer applications of manure on
growing grass (Fkb and Fkis). An increase in emissions
from summer to autumn is related to an autumn application
on land covered by vegetation (ftkf) and emptying of stor-
age facilities (Fki1p). It is evident that emissions from pig
barns (Fkf) show very little variation over season as well as
over the day. This is in strong contrast to manure applie
to growing crops (Fkf) and application of mineral fertilizer
(Fktp), which is present only in a limited number of days and

Figures 6 and 7 show the calculated Nebncentrations with
DEHM by using the dkkmproved scenario at 12:00 UTC, the
15 February and 15 April 2007, respectively. In February the
highest NH concentrations are seen in the Netherlands and
in the Po Valley in Italy (Fig. 6). High concentrations are also
ound in Northwestern Germany and parts of France. Very
low concentrations are found in almost all countries north
in addition show a strong diurnal profile. The overall emis- ﬁ:gtr?eesflcpggi err?'fcrlleﬁir;Jr?sS ::2!1: 2:5%3;?1&;' Glre]r'rAnrg:;Fll\lgét;ér-
sion temporal emission profile for Zingst can also be seeN;nds. UK and parts of France and Denmark. Low (1:oncen-
in Fig. 8 (bottom) as a Fime_ series and cor_respon_dingly fOrtratior;s are still found in Norway, Sweden and the Alpine
Tange and Westerland in Fig. 9. The Danish station Tangeregion. Poland and the Po Valley in Italy and the eastern part

ha; a V(:]ry '°W. winter level, a steep mcreasle n Ithe em|s|3|0%f Germany and Poland are characterized by medium to high
ﬁ;gr;gléwe;ﬁ]rgﬂ:\?g aan;?edeep:astgrisnugme%ei;s?gr? é:geasrt]e;ggi- oncentrations. Additionally a gradient going from the land

X ! ) i areas and into the North Sea is evident, especially from Den-
fuonal large peak during autur_n. F|gure 10 p_rowde_s a Compar'mark, the Netherlands and northern Germany.

ison of the total modelled emission pattern in spring 2007 for . . .
three different monitoring sites in the domain: Tange in cen- NH3 concentrations obtained from DEHM calculations

tral Denmark, Langeligge, and Neuglobsow in Germany. performed for the three scenarios are shown as time series

Tange shows the overall highest emission, which during th 'n_ Figs. 8 and 9, and obtained correlation coefficients and

period 1 to 20 March is about 2 to 3 times higher than for . las for Ni; and NH for each of the 9 stations are shown

the two other sites. During 20 March to 4 April, the emis- in Ta*?'es 3 and 4 on annual and seasonal. bg5|s. The re-
sions at Tange and Langélyge are in the same range and sults in Table 3 show that the default scenario improves the

showing large day to night variations due to daily variations correla_tlon between_observed and modeled d.a”y3’ ebn-
in temperature and wind speed at the selected sites. centrations for all sites, where some of the improvements

are substantial (e.g the correlation coefficient improves from
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Fig. 8. Upper figure shows time series for the seasonal variation in emissions for the various agricultural emission categories. Lower
figure shows a comparison between modelled and measurgdaNidient 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 dynareimiiéion

model (dkimproved), where the resulting emission profile for the latter is also shown.

0.27 and up to 0.61 for Neuglobsow). Additional large im- underestimates the concentrations at almost all sites for all

provements are seen for the Danish stations and Westerlarstenarios.

for the “dk.improved” scenario. On seasonal basis improve-

ments in the correlation coefficients are mainly seen during The default scenario improves the correlation coefficient

spring and summer. The bias is low for most of the stationsbetween the observed and modeled \tdncentrations at

and most of the seasons, except for winter, where the moddWwo sites and a decrease in performance at 7 sites, where all
changes are in the range 0.02 to 0.12) except for Neuglobsow,
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Fig. 9. Comparison between modelled and measured; [hhbient 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 jlemission model (dkmproved), where the resulting emission profile for the latter is also
shown.

where the improvement is 0.15. The “dkproved” scenario The concentration time series for Westerland (Fig. 9) show
improves the correlation coefficient for the Danish stationssimilar results to what is obtained for Zingst, except that the
and Westerland. Five out of six stations had an improvemenemission pattern in spring (March to May) shows a less pro-
from 0.04 and up to 0.15 whereas the obtained correlatiomounced peak than what was obtained for Zingst (Fig. 8).

coefficient for Keldsnor decreases slightly from 0.55t0 0.54.  The NH; concentration time series for Tange, Westerland

and Zingst are shown for the “dknproved” scenario. The
seasonal variation is strongly enhanced at Zingst (Fig. 8)
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Table 3. Correlation coefficients, observed mean and modelled bias between measured and modgedo-and after implementation

of the new dynamic NK 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 15 emission
functions presented in Table 1 in (Skjgth et al., 2004; Skjgth et al., 2008) has been implemented as a supplement to the RAINS data.
Calculations performed with the DEHM model for the year 2007.

Correlation coefficient

Mean meas. concentration [[I¢mBias [pg n 3]

type year winter spring summer autumn year winter spring summer autumn
old 0.61 0.18 0.61 0.73 0.61 1.060.45 0.48-0.10 1.60-0.87 1.11-0.53 1.00~0.29
Zingst 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
old 037 -0.03 0.38 0.54 0.15 1.29,0.24 0.66, 0.44 1.89,0.03 1BR4 1.04,0.73
Langenbrugge 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
old 0.59 0.25 0.77 0.74 0.51 1.260.82 0.57-0.27 152-0.93 182-141 1.05-0.60
Westerland 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
old 0.27 -0.16 0.04 0.29 0.23 0.84,0.14 0.32,0.36 146,23 0.88,0.01 0.67,0.45
Neuglobsow 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
old 0.47 0.41 0.58 0.59 0.44 0.18,0.04 0.04,0.07 0ZBP2 0.24-0.01 0.13,0.15
Anholt 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
old 041 0.31 0.47 0.52 0.26 0.54,0.12 0.20,0.21 0-8BP8 0.47,0.15 0.61,0.20
Keldsnof new 0.44 0.47 0.57 0.41 0.14 0.14 —0.03 0.17 0.16 0.22
Dk 051 0.51 0.67 0.41 0.19 0.14 —0.02 0.20 0.28 0.08
old 0.39 0.49 0.34 0.55 0.60 1.14,0.02 0.68,0.19 14738 1.47-0.42 0.97,0.45
Lindet 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
old 0.46 0.55 0.57 0.56 0.10 1.200.14 0.55,0.16 2.14;0.84 1.32-0.37 0.81, 0.46
Tange 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
old 0.60 0.61 0.72 0.83 0.56 0.65, 0.69 0.18,0.82 1.27,0.36 0.79,0.40 0.44,1.15
Ulborg 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

* 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.

with the new parameterization, especially in the spring sea- Figure 11 shows four different scatter plots comparing
son. During summer there are very small variations betweemeasured and modeled Nldoncentrations for the selected
the old and the new methodology. During mid summer andGerman and Danish measurement sites and using the original
during winter the concentrations are underestimated. Similaand the new emission parameterization _{igiproved sce-
improvements are seen for the Tange station (Fig. 9) and atario). For the Danish stations the improvements are very
this site the simulated winter and summer concentrations argisible in the scatter plot and more pronounced than for the
at the same level as the measurements. For the Westerlar@lerman stations, and this is reflected in the large increase in
site the performance the model predicts zero concentrationsorrelation coefficients in Table 3.

in periods where the measurements are in general very low

and also during several periods during the summer where the

measurements show concentrations of several ppb. During Discussion

spring from March to May the model calculations are im-

proved significantly at the Westerland site. The modular approach used in the presented dynamic emis-

sion model allows for regional calibration of local agri-
cultural practice such as how much time the livestock are
allowed to graze on the fields; information which in this case
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Simulated emission of ammonia during March-April 2007
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Fig. 10. The hourly variation in simulated NdHemissions from the dynamic emission model. Data are shown for March to April 2007 for
the Danish site Tange and for the two German Sites: Lariggejerand Neuglosow.

is obtained from RAINS data (Fig. 2), how the emission from timation in winter and mid summer whereas some overesti-
fertilizer is distributed among specific application times in mation is found for the spring peak. The overall increase in
case default values are used (Table 3) and how specific taperformance of N5 concentrations when the dynamic emis-
get areas can be improved by using more detailed informasion model is implemented for central and northern Europe is
tion than the RAINS systems such as Table 1 by Skjgth etonsiderably lower than what was found in the validation of
al. (2008). The dynamical model produces large variationsthe implementation for Denmark (Skjgth et al., 2004). This
in diurnal NH; emission patterns (Figs. 8, 9 and 10), which is clearly seen in Table 3, where the highest correlations are
is primarily related to variations in meteorology affecting the found for the Danish stations and the lowest for the German
volatilization of NH;. The emission model accounts for the stations. This is likely a result of a variety of uncertainties
north-south gradients that are related to differences in growtlin the assumptions, and especially in the underlying input
season which again is affecting the timing of manure applica-data used for the implementation. A part of the explana-
tion: Southern regions have an earlier spring peak than mor&on may thus be that the agricultural practice is not as well
northerly regions (see e.g. Supplement). defined and as homogeneous for all the other northern Eu-
The dynamic model in general captures the observed lowopean countries as it is in Denmark where the agricultural
values in winter and the steep increase ing\rhissions dur-  practice is heavily controlled by the Danish legislation and
ing spring, which is mainly due to the spring application of local regulation (Skjgth et al., 2008). Another factor is the
manure and mineral fertilizer. However, the model tends tonumbers used in Table 2, which have been derived from the
overestimate the extremes in the emission pattern, especiallRAINS system and distributed according to simple assump-
for the spring peak. This means that the model results havéions. As an example, then the RAINS system states a use
a larger seasonal variation compared to the old method. Thisf 88.3 kTonnes Urea (15 % loss) and 941.7 k Tonnes other
variation do to some degree fits the overall seasonal meafertilizers (1.25% loss) in the UK and 1.5 % kTonnes Urea
sured values. Such changes can be seen by an increase (ithb % loss) and 250 k Tonnes other fertilizers (2.14 % loss)
correlation coefficient and at the same time an increase irfor Denmark respectively. Such factors results in significant
bias at some stations. This overestimation might be relatedlifferences in the distribution of the total ammonia emission
to the fact, that the model assumes that application of marelated to each of the functions. Additionally, the contribu-
nure takes a certain amount of time in each grid cell and thation from crops is not included. This is clearly a weakness in
this amount of time is calibrated against Danish productionthe derived inventories as these emissions may be significant
methods (Skjgth et al., 2004). Itis likely, that farmers outside (Gyldenkeaerne et al., 2005).
Denmark spends more time on applying manure and fertilizer Only a limited number of countries include emissions from
than the Danish farmers. This can be taken into account byrops in their national inventories. A better estimate than the
the model by increasing the facterin Eq. (2). The prelim-  default numbers in Table 2 is likely to be specific country
inary validations show that the model is leading to underes-based activity data with a higher spatial resolution as it is
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Table 4. Correlation coefficients observed mean and modelled bias between measured and modelled syraraf NI—Q (NHx) before

and after implementation of the new dynamic émission 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
15 emission functions presented in Table 1 in (Skjgth et al., 2004; Skjgth et al., 2008) has been implemented as a supplement to the RAINS
data. Calculations performed with the DEHM model for the year 2007.

Correlation coefficient Mean meas. concentration [u(f'tnBias Mg m‘3]
type year winter spring summer autumn year winter spring summer autumn
old 0.65 0.60 0.57 0.65 0.76 1.760.78 1.33-0.49 241-1.13 1.54-0.87 1.74-0.60
Zingst 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
old 0.46 0.56 0.44 0.36 0.43 2.04,0.08 1.69, 0.05 2.61,0.08 20632 1.74,0.69
Langenbrugge new 0.41 0.45 0.43 0.34 0.22 0.19 —0.98 1.59 —-0.42 0.53
Dk 041 0.45 0.44 0.34 0.23 0.19 —0.98 1.60 —-0.43 0.52
old 0.71 0.68 0.78 0.71 0.74 2.021.24 1.49-0.84 250~-1.41 231-1.75 1.74-0.94
Westerland 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
old 0.39 0.63 0.13 0.20 0.33 1.550.07 1.29,0.04 2.06;0.18 1.40-0.37 1.44,0.25
Neuglobsow 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
old 0.66 0.62 0.64 0.56 0.73 1.090.69 0.89-0.61 155-1.00 0.90-0.64 0.99-0.49
Anholt 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
old 0.65 0.61 0.64 0.57 0.64 1.880.82 144-069 271-130 1.60~0.78 1.78-0.53
Keldsnof 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
old 0.43 0.45 0.48 0.59 0.49 2.461.08 2.06~0.99 3.29-1.70 2.72-156 2.05~0.38
Lindet 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
old 0.54 0.52 0.67 0.52 0.48 2.240.95 1.64-0.74 353-186 2.14-1.10 1.69-0.14
Tange 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
old 0.66 0.57 0.77 0.84 0.52 1.650.10 1.14,0.05 2.7:%0.76 1.57-0.30 1.35,0.49
Ulborg 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

* 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.

shown in this paper for the Danish area. A third factor is thenot available due to confidentiality issues. However, there
information about the exact location of the agricultural fields may be some possibilities in analyses of satellite images and
and more detailed information about the location, amountin use of international or national statistical data concerning
and type of livestock. As ammonia has a high depositionagricultural holdings like for the UK (Hellsten et al., 2008)
rate, knowledge on the location of large ammonia emittersor Poland (Kryza et al., 2011).

in the vicinity of the monitoring stations and their temporal

emission stations is essential. This would probably alter the The dynamic temporal distribution model used in this pa-
emission strength and the emission pattern for e.g. the Geer showed a good performance for the Danish area and a
man stations Zingst and Westerland where a large part of thémaller improvement for the German stations. This can be
grid is water. This kind of data was available for the Danish attributed to the spatial and temporal resolution of the in-
area. Data of similar detail cannot currently be obtained forPut data. The ammonia emission is known to be depen-
other countries. Data of similar detail are likely to exist in dent on incident global radiation, temperature, precipitation
other countries, such as the Netherlands (e.g. Van Pul et aland humidity (Sommer, 1997; Sommer et al., 2003). The

2008) and the UK (e.g. Hellsten et al., 2008), but are publiclytwo major challenges in a temporal parameterization are
therefore firstly how well the annual emission reflects the
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Fig. 11. Scatter plots between observed and modelled diurnal meanddhcentrations. All calculations are performed with the DEHM
model and using both the original and the new dynamigghhission model for northern Europe. The results are divided in the Danish and
German monitoring sitega) German stations using the original Nigmission inventoryb) German stations using the new Nldmission
inventory(c) Danish stations using the original NK¢mission inventoryd) Danish stations using the new Nigmission inventory.

real emission. As many national inventories are only us-gles et al., 1998; Vieno et al., 2010a, b). However, no cli-
ing one single emission factor to represent different activitiesmatic co-drivers were included in the temporal distribution
like manure application, which take place under very differ- of the ammonia emissions that feed into these models. The
ent climatic conditions the emission estimates may be biasedesults from Hellsten et al. (2008) as well as more detailed
Secondly, how well do the climatic co-variables included in process based studies (e.g. Sommer, 1997; Sommer et al.,
the temporal model describe the real emission strength? Th2003) suggest that temperature effects should be taken into
model used here (Gyldenkaerne et al., 2005) is based on sinaccount when the emission estimates are used in chemical
ple temperature relations and no dependence on solar radatmospheric transport models.
ation, precipitation and humidity is implemented. Hellsten
et al. (2008) distributed the annual emissions in the United Precipitation events may in some cases make it impossible
Kingdom in months according to farming activities to esti- for the farmer to drive on the fields, and this can thereby de-
mate “Emission potentials” and compared the monthly emis-lay the manure application in spring time for up to a couple of
sion (kg N hal) with measured ammonia concentrations in weeks. Naturally, the simple growth model, which is applied
the air (ugNm). The UK data has a high spatial resolu- for determination of the timing of the manure application
tion of 5x 5km? which feeds directly into high resolution in spring, cannot capture this situation. Precipitation events
CTM models like the FRAME and EMEP4UK models (Sin- have been found to explain an offset which has been observed
for certain years in the timing of the manure application in
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5234 C. A. SKkjgth et al.: Spatial and temporal variations in ammonia emissions

Denmark. There are several possible ways that this type 06 Conclusions

information could be obtained and accounted for in the mod- present here a model code for calculating ammonia emis-
elling: it could be done by reporting from the local farmers, sion on European scale. The model code is freely available

but alternatively satellite observations might also be a way 0 nd flexible for use with respect to geographical area and

_deterr_nine the exact timing of the manure application periOdﬁJnderlying assumptions. The model results are limited by
i spring. -k hat th it b h amount and quality of input data but the presented work has
Ié IS we I nﬁwn that the spg etween ghas ?‘I asegNE demonstrated that even with scarce and rather uncertain in-
and aerosol phase I{Hnay hot be correct when Hilter pack ¢, mation about agricultural practice and production meth-
measurements like those under the EMEP measurement Prifdis, improvements in CTM modelling may be obtained from
ghramme are perfolrlmed. _'Lhe Zum of_(;he B’IVO CompoLtj)ndsapplying a dynamic Ni emission model. The performance
the NH;, is generally considered considerably more robust.is 1y go0d for Denmark where highly detailed data of high
Comparlson.s.to den_uder_measurementg have shown that fQ{uality is available whereas the performance improvements
Danish conditions this splitis well determined (Andersen and, . .onsiderable in the first application for northern to cen-

Hovmapd, %994)’ bqt folr other EMEP sites _th's 'S @ MAJOTy5| Eyrope presented in the present paper. This suggest ad-
uncertainty in th_e validation and the explanatlo_n for also per-jitional experiments with the emission model, especially in
forming com?arlsons between model calculations ‘?}nd r;:ea\'/vell studied areas like the UK where detailed inventories are
Zuremgntf 0 Nkl, H.ere It '3 |In_terest|ng t?] See, tl at 1 e” available (Dragosits et al., 1998; Sutton et al., 2000) as well
ynamical Nk emission model improves the results at all ¢ surveys of farming practice (Hellsten et al., 2008). Better

the investigated sites, and that the improvements are not reﬁerformance is foreseen when more detailed and more pre-
flected to a similar degree in the NKoncentrations at the cise information is available in a near future

same sites. The reason with these limited improvements for
NHx concentrations remains unexplained as it can be related .
to limitations of the applied emission inventory (assumptions® Perspectives and further work
or geographical coverage), uncertainties in the CTM modellt is outside the scope of this paper to provide a large number
concerning the chemical scheme and particle formation oof CTM calculations after the implementation of the dynamic
uncertainties related to grid resolution or the meteorologicalemission model for the northern European region. More de-
input. This suggests additional studies with CTM modelstailed studies are therefore planned including an implemen-
with focus on ammonia and its transformation into ammo-tation in both the DEHM and the EMEP models in order to
nium including factors that affects this transformation. test model differences as well as the effect on the calcula-
The dynamic emission model may be applied with or with- tions of other chemical species. It is also possible to test the
out scaling of the emissions to officially reported values onimplementation of the dynamic emission model with more
annual basis. In the present study emissions are scaled coudetailed data than what has been available for this work.
try wise to the national total annual NHmissions reported The presented implementation of the dynamic model is
to EMEP. However, when scaling is omitted, the dynamic based on country wise distributions between the agricul-
emission model may be used to account for inter-annual varitural emission categories (FkiFktis). However, even for
ations resulting from the variations in meteorological con- Denmark large differences in agricultural activities are seen
ditions; inter-annual variations that most likely are not ac- across the country, this is especially the case with respect to
counted for in the values reported by the various countriesanimal households (most of the animal production in Den-
to EMEP. This provides the basis for estimating the impactmark takes place in the western parts of the country). Inclu-
of climate change on Nfiwhich again will affect important  sion of data on sub-national level to account for variations in
issues like e.g. atmospheric N deposition to marine watersgricultural activities within the countries will therefore be
that are under high nutrient pressure like the Baltic Sea (Hera focal point in the further development and implementation
tel et al., 2003), the impact of future climate on the atmo- of the dynamic emission model. Some of the sub-national
spheric nitrogen loads to the Baltic waters remain an issudevel data are likely to be obtained from EUROSTAT which
that is considered an open question (Langner et al., 2009holds some information about animal households, crops and
Another even more important issue is the loading of sensitivdocation of fields on sub-national level. More detailed infor-
terrestrial ecosystems that often receive large local contribumation about animal households will also improve the inven-
tions to the nitrogen loadings from local agricultural sourcestory in relation to use of mineral fertiliser since this is used
(Hertel et al., 2006). as supplement to manure application to ensure the needs of
the crops on the fields. Another area that calls for improve-
ments in comparison to the presented 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.
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