
Introduction

Ammonia (NH3) is the most abundant form of reduced 
nitrogen in the gas-phase within the atmosphere [1]. 
Ammonia contributes to both the formation of particulate 

matter (PM) and the deposition of reactive nitrogen to 
the environment [2-4]. Ammonia plays a decisive role in 
particulate matter formation chemistry by determining 
the amount of ammonium sulphate and ammonium 
nitrate as PM constituents [5]. Erisman et al. [6] estimate 
that NH3 emissions from agriculture give a substantial 
contribution (13%) to the PM concentration in Europe 
and thereby adds significantly to the external costs related 
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Abstract

Our study focuses on the application of a static and dynamic ammonia emissions based on a Europe-wide 
default setting into the weather research and forecasting chemistry model (WRF-Chem), and the influence 
on the simulated ammonia concentrations and overall model performance. The WRF-Chem model was run 
twice for all of Europe at a spatial resolution of 36 x 36 km for the year 2012. In the first simulation we used a 
static emissions approach (the “BASE” simulation) and in the second simulation we used dynamic ammonia 
emissions (the “DYNAMIC” simulation). Both simulations underestimate measured concentrations of NH3 
for all seasons, have similar NMGE (about 0.7 μg m-3), and model hourly ammonia peaks that shift toward 
the afternoon hours if compared with measurements. However, for all temporal resolutions, normalised 
mean gross error in winter and summer is lower for DYNAMIC than for BASE. The DYNAMIC simulation 
also generally gives worse performance in spring for each temporal resolution. For further improvement of 
the modelled ammonia concentrations with WRF-Chem we suggest using a nested approach with higher 
spatial resolution, which will lead to better separation of the ammonia source regions from surrounding 
areas and take into account national practices and regulations in the emissions model, eventually only in the 
nested model domain.
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to air pollution in Europe [7]. The deposition of nitrogen 
in the form of ammonia can result in eutrophication of 
sensitive ecosystems and to acidification of the soil [8]. An 
enhanced load of nitrogen  in terrestrial ecosystems has 
been found to correlate with loss of  biodiversity [9] and 
can increase ecosystem vulnerability to extreme weather 
and insect attacks [10]. Despite its importance, there 
are still many knowledge gaps on ammonia. Long-term 
observational data series are in general scarce compared 
to, e.g., ozone [11], and hourly observations of ammonia 
are even more rare due to their expense and complexity 
caused by feedback mechanisms [12] and general 
comprehensive experimental setups [e.g., 13]. Agriculture 
was responsible for 94% of the total NH3 emissions in the 
EU in 2010 (European Environment Agency, www.eea.
europa.eu). 

Agricultural emissions are related to farm buildings, 
manure, fertilisers, and grazing animals, and are strongly 
influenced by climate and weather [14]. NH3 emissions 
varies primarily with temperature and air velocity [15]. 
The volatilization potential nearly doubles for every 5ºC 
and varies significantly throughout the day and season 
[16-17] and are beginning to be used in regional chemical 
transport models. However, such models have typically 
applied simpler emission factors to upscale the main NH3 
emission terms. While this approach has successfully 
simulated the main spatial patterns on local to global 
scales, it fails to address the environment- and climate-
dependence of emissions. To handle these issues, we 
outline the basis for a new modelling paradigm where 
both NH3 emissions and deposition are calculated online 
according to diurnal, seasonal and spatial differences 
in meteorology. We show how measurements reveal 
a strong, but complex pattern of climatic dependence, 
which is increasingly being characterized using ground-
based NH3 monitoring and satellite observations, while 
advances in process-based modelling are illustrated 
for agricultural and natural sources, including a global 
application for seabird colonies. A future architecture 
for NH3 emission-deposition modelling is proposed that 
integrates the spatio-temporal interactions, and provides 
the necessary foundation to assess the consequences of 
climate change. Based on available measurements, a 
first empirical estimate suggests that 5\u00b0C warming 
would increase emissions by 42 per cent (28-67%. NH3 
emissions is also controlled by water availability, which 
allows nitrogen compounds to dissolve, be taken up 
by organisms, and be released through decomposition 
[17] and are beginning to be used in regional chemical 
transport models. However, such models have typically 
applied simpler emission factors to upscale the main NH3 
emission terms. While this approach has successfully 
simulated the main spatial patterns on local to global 
scales, it fails to address the environment- and climate-
dependence of emissions. To handle these issues, we 
outline the basis for a new modelling paradigm where 
both NH3 emissions and deposition are calculated online 
according to diurnal, seasonal and spatial differences in 
meteorology. We show how measurements reveal a strong, 

but complex pattern of climatic dependence, which is 
increasingly being characterized using ground-based NH3 
monitoring and satellite observations, while advances in 
process-based modelling are illustrated for agricultural 
and natural sources, including a global application for 
seabird colonies. A future architecture for NH3 emission-
deposition modelling is proposed that integrates the 
spatio-temporal interactions, and provides the necessary 
foundation to assess the consequences of climate change. 
Based on available measurements, a first empirical 
estimate suggests that 5\u00b0C warming would increase 
emissions by 42 per cent (28-67%. The regional variation 
reflects local production methods and agricultural 
practice, which to a large extent is governed by regional 
scale climate conditions [18], but also specific national 
regulations [19]. Despite these well-known dependencies 
of climate and meteorology on ammonia emissions, the 
emissions are handled in a very simplified manner in 
most atmospheric models [18], and implementing specific 
national regulations into European-wide emissions 
models appears to be a  complex question that remains to 
be solved [19]. Many integrated effects of meteorology 
and climate on ammonia remain to be studied and this has 
been highlighted by the IPCC [20] as an area that is poorly 
understood. Improvement of representation of processes 
that lead to ammonia emissions in atmospheric models has 
therefore frequently been highlighted as an area that needs 
scientific attention [12, 17].

Recently, Sutton et al. [17] suggested two long-term 
goals on ammonia modelling within CTMs. Firstly, the 
same meteorological data should be used to drive emissions, 
chemistry-transport, and bi-directional exchange. 
Secondly, the emissions should be calculated online in 
the CTMs, whereby the feedback between the ammonia 
emissions and climate can be included. Recently, Zhu et 
al. [21] indicated that updates to the governing processes 
on both dynamics and physics concerning NH3 need 
improvement. Previous studies have shown significant 
improvements in model performance by replacing static 
seasonal variations by a dynamic approach that accounts 
for physical processes like volatilization of NH3 [18]. 
Similarly, other modelling studies have shown that some 
atmospheric components are sensitive to the formulation 
of the ammonia emissions [22]. This highlights the need 
for a better understanding of ammonia emissions and how 
this is implemented in CTM models. 

Recent studies on modelling  atmospheric ammonia 
with CTMs have focused on the implementation of the 
bidirectional NH3 exchange between the atmosphere and 
the surface [21, 23, 24], the impact of ammonia emissions 
on concentrations of secondary inorganic aerosols [3, 
5, 25], investigations of the role of different natural 
emissions sources of ammonia [26-27], and improvements 
in the representation of ammonia emissions from different 
agricultural activities, e.g., livestock emissions [21] 
and mineral fertilizers [25]. Focus on the processes that 
generate ammonia emissions and the initial dispersion 
has, however, had limited attention in the development 
of existing CTM models. Addressing this knowledge 
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gap is one of the objectives in Effects of Climate Change 
on Air Pollution and Response Strategies for European 
Ecosystems (ECLAIRE), which is a project founded by 
the Seventh Framework Programme for Research and 
Technological Development.

In our study the European dynamic ammonia emi-
ssions model [18] was for the first time applied within 
a chemical transport model (CTM) for all of Europe 
and evaluated for this region. The paper of Skjøth et 
al. [18] provided the emissions model code for Europe 
and included a test of the model over Northern Europe 
(Denmark, Germany, and part of the surrounding  
countries) using the Danish Eulerian Hemispheric Model. 
The focus on Northern Europe was partly due to a lack 
of input data and limitations in the emissions model to 
operate in all major European landscapes [18]. In the 
present study, the dynamic emissions model was modified 
for a European-wide application, including development 
of the needed emissions input data. Application of the 
emissions model with WRF-Chem for study of ammonia 
for this large area was undertaken in our study for the 
first time. The models have been run for the year 2012 
and we used observations with hourly, daily, and monthly 
temporal resolutions of ammonia and daily observations 
of aerosols (NH4

+, NO3
-, SO4

2-) to evaluate the results. 
In order to better understand the model limitations, the 
evaluation was done separately for four seasons (winter, 
spring, summer, and autumn).

Data and methods

The WRF-Chem model

The weather research and forecasting model coupled 
online with chemistry (WRF-Chem) was used to simulate 
the meteorological conditions and ammonia concen-
trations over Europe for all of 2012. A complete des- 
cription of the model is given by Grell et al. [28] and Fast 
et al. [29]. The GFS FNL global analysis, created and 
maintained by the National Centre for Environmental 
Prediction (NCEP), with a spatial resolution of 1°×1° 
(longitude-latitude) and a vertical resolution of 27 pressure 
levels, were used to define the initial and boundary 
meteorological conditions. The main setup and the 
physical and chemical schemes used in this study are listed 
in Table 1. The last five days of year 2011 were used as a 
spin up for the chemistry as in Forkel et al. [30]. We used 
the RADM2 gas phase chemistry [31] and the MADE/
SORGAM aerosol module [32-33] with the aerosol direct 
and indirect radiative effect included [19, 34]. Chemistry 
transport modelling in general benefits from a high number 
of layers within the planetary boundary layer (PBL) [35], 
especially near the surface, when calculations concern 
gases with a fast deposition velocity (e.g., ammonia) 
[36]. Thus, we adjusted the vertical resolution in WRF-
Chem by decreasing the thickness of the lowest layer from  
53 to 20 m and doubling the number of layers within the 
first 1,015 m, which gives 48 layers in total.  

The WRF-Chem model has been extensively used and 
evaluated for both meteorological and air quality studies 
in Europe. The model performance for meteorology 
affects both the air quality results and the calculated 
emissions. Several studies focused on all of Europe and 
reported biases for both air temperature and precipitation 
(Miglietta et al. [37], Katragkou et al. [38], Wałaszek et al. 
[39], Kim et al. [40], and Warrach-Sagi et al. [41]). Recent 
findings provided by Skjøth et al. [42] show that the bias 
in air temperature at 2 m varies spatially and seasonally. 
These biases are significant (up to +2.0 K in eastern 
Europe during summer and autumn and -2.0 K in southern 
Europe in winter), and might affect, e.g., online calculated 
emissions and the processes in vegetation models. Similar 
findings are reported by Kryza et al. [43] for the area of 
Poland, where the air temperature bias is low in winter 
(mean bias -0.6 K), but where summer temperatures are 
significantly overestimated (up to +1.0 K). A bias in WRF-
calculated air temperatures were also reported by Mooney 
et al. [44] and Miglietta et al.  [37]. The model performs 
well at simulating wind speed for Europe, with mean bias 
not exceeding 0.5 m s-1  [37, 45-47], which is the second 
variable affecting ammonia emissions in this study.

The WRF-Chem model was run twice in our study. 
In the first simulation we ran WRF-Chem using the TNO 
MACC II emissions data set with 1/8° x 1/16° spatial 
resolution [48] and a temporal emissions profile that 
includes a seasonal variation that changes each month, 
but the seasonal variation is the same throughout the 
entire model domain. This simulation is subsequently 
referred to as “BASE.” In the second simulation we ran 
the WRF-Chem model with hourly variations in ammonia 
emissions for all of 2012 by using  a similar approach 
as for the Danish Eulerian Hemispheric Model [49], 
and the ammonia emissions model uses gridded hourly 
meteorology from WRF-Chem to simulate the hourly 

Table 1. Model components and configurations.

Category Model setup

Simulation period January-December 2012

Domains Europe, 161 x 131 grids

Horizontal resolutions 36 km x 36 km

Vertical resolution 48 layers

Shortwave and longwave 
radiation RRTMG

Land-surface model Noah LSM

Boundary layer scheme YSU 

Cumulus parameterization Grell and Denvenyi (2002)

Microphysics Lin et al. (1983)

Chemistry RADM2&MADE/SORGAM 
with aqueous reactions 

*Please refer to the WRF and the WRF-Chem user’s guides 
for a complete description of the options.
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emissions variations (a description of the dynamic model  
is given in the following section). This simulation is in the 
following referred to as “DYNAMIC.”

Dynamic emissions model

The fundamentals of the dynamic emissions model are 
provided by Gyldenkærne et al. [16], Skjøth et al. [50], 
and Skjøth et al. [18]. The model code is freely available 
and flexible for use with respect to geographical area and 
underlying assumptions [18]. The general idea behind the 
emissions model is to use the gridded annual total NH3 
emissions (in this study the TNO MACC II [48]) and to 
use available activity data to make a disaggregation of 
the gridded annual totals into specific agricultural sectors. 
The emissions from each sector is then simulated with 
individual parametrizations. The TNO emissions was re-
gridded to the WRF-Chem grid using a mass conservation 
approach. The emissions from each agricultural sector uses 
a parameterisation that depends on both the volatilisation 
as a function of meteorology and the temporal pattern of 
activity. The emissions are distributed differently thought 
the year, but the total emissions per grid cell are kept 
equal to the original emissions (TNO MACC II). The 
meteorological parameters used in the dynamic model, 
2 m temperature and 10 m wind speed, were calculated 
with WRF-Chem with 1 h temporal resolution and with 36 
km x 36 km spatial resolution. The emissions parameter-
ization consists of 16 additive continuous functions, de-
scribing emissions from animal houses and storage (three 
functions), the application of manure and mineral fertil-
izer (seven functions), emissions from crops (four func-
tions), grazing animals, and ammonia treatment of straw, 
respectively. The individual functions are distributed into 
two groups: Gaussian functions for short-term emissions 
sources and annual functions. Both groups respond to the 
environmental variables of wind speed and temperature. 
The Gaussian functions are linked to a crop growth model 
developed by Olesen and Plauborg [51]. The crop growth 
model uses accumulated temperature sums to determine 
the timing of the maximum value of the individual Gauss 
functions. The applied functions were originally derived 
for Danish conditions and presented in Skjøth et al. 
[50], but Skjøth et al. [18] suggest that a majority of the 
functions may be directly applicable for a large part of 
Europe. Default values were therefore implemented by 
Skjøth et al. [18] for many European countries. 

Several of the underlying studies for producing 
parameterizations, such as the applied growth model [51] 
and the farm surveys by Seedorf et al. [52-53]standard 
deviation, minimum and maximum values of dry bulb 
air temperature and relative humidity (RH, are based on 
European-wide studies and are considered appropriate for 
large geographical regions [18]. In this European-wide 
implementation, the predicted peak time of each of the 
Gaussian functions (as simulated by the crop growth mod-
el) is allowed to vary two months from south to north. This 
ensures that spring applications of manure and mineral fer-
tilizer will happen during spring, even if the meteorologi-

cal data set predicts a specific area to be particularly cold 
or warm (e.g., a very warm and dry spring, which would 
make agricultural operations sensible already in January). 
This ensures that the model fits reasonably well for most 
European regulations. The earliest peak time follows ma-
nure/slurry application on black soil (10 March), mineral 
fertilizer on black soil (20 March), manure/slurry applica-
tion in growing crops (15 April), and manure/slurry appli-
cation as well as mineral fertilizer on grassland (15 July). 

Some countries such as the Netherlands allow for 
some application of husbandry manure into specific soils 
and crops already after 1 February. Depending on the size 
of storage facilities, national regulations and the progress 
of the previous autumn/winter, this can force farmers in 
specific areas to apply a fraction of their manure as soon 
as possible because their storage facilities are full. These 
specific regulations for countries are not included in the 
dynamic model.

Model evaluation

The focus in this study is on improved understanding 
of short-term variations of ammonia and the impact from 
agricultural emissions sources as well as evaluating the 
WRF-Chem model capabilities in simulating ammonia 
concentrations across Europe. We used all available 
EMEP-EBAS (ebas.nilu.no) stations with hourly, daily, 
and monthly (here also one-week, two-week, and three-
day observations were taken) resolution of ammonia con-
centrations and all hourly Dutch stations available through 
the RIVM web page (www.rivm.nl) for 2012. The data 
set comprised 32 stations in total (13 of them measuring 
hourly concentrations). The statistics between the models 
and observations were calculated for three temporal res-
olutions: one hour, one day, and one month. In the case 
of daily values all daily stations were used and addition-
ally all hourly aggregated daily. In the case of monthly 
evaluations all stations were used and the results from 
stations with higher than monthly resolution were aggre-
gated monthly. Additionally, the stations were divided 
into two groups with respect to the ammonia emission: 
for each station we calculated a buffer with a diameter of  
2 km and then checked the dominant land use according 
to Corine Land Cover 2006 (CLC). If the prevailing land 
use was agricultural then the station was classified as “ag-
ricultural.” When another type of land use was dominant 
the station was treated as “non-agricultural.” This division 
was used for calculating statistics and plotting time series. 

For a more complete evaluation of the WRF-Chem 
model results we have also compared modelled aerosol 
concentrations (NH4+, NO3

-, and SO4
2-) with daily EMEP-

EBAS observations. This included 24, 17, and 36 stations, 
respectively, for NH4+, NO3-, and SO4

2-. The observations 
were compared with modelled hourly concentrations 
of aerosols aggregated to mean daily values. All the 
stations used in the evaluation process are presented in the 
supplementary materials (Fig. 1S). 

Most of the daily and monthly NH3 and NH4
+ ambient 

air concentrations were measured using the filter pack 
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method, and some of the stations used the denuder method. 
The filter pack method does not give a complete separation 
of NH3 and NH4 [50]. However, comparisons between 
filter pack and denuder sampling have demonstrated that 
for Danish monitoring stations a satisfactory separation 
can be obtained [54]. 

In the model evaluation process, firstly we compared 
ammonia concentrations from the WRF-Chem model 
with measurements in hourly, daily and monthly temporal 
resolution. The seasons were calculated as follows: winter 
(January, February and December), spring (March, April 
and May), summer (June, July and August) and autumn 
(September, October and November). In the second step 
we calculated statistics in the same way, but only for 
stations located in agricultural areas. The stations were 
selected according to the method describe in the paragraph 
above.

For aerosols the statistics were calculated based on 
daily observations and individually for four seasons. 
Additionally, Taylor diagrams were prepared for both 
ammonia and aerosols, using all available stations for 
each chemical species (Taylor 2001). The diagram shows 
the results separately for the BASE and DYNAMIC 
simulation.

The following measurements were used to summarize 
the WRF-Chem model performance for ammonia and 
aerosols for both runs: factor of two (FAC2), mean 
bias (MB), normalized mean gross error (NMGE), and 
correlation coefficient (R). The number of observations 
available for each season is listed in Tables 2, 3, 4, 5, 
and 6 as “N.” Finally, we evaluated the spatial pattern 
in ammonia emissions by calculating the day of the year 
(Julian Day) for which the model estimated the highest 
hourly ammonia concentrations, with calculations 
performed independently for each grid cell. This was 
qualitatively compared against a similar figure obtained 
by satellite observations for 2013.

Results 

The results are presented in the following order:  
1) temporal pattern of ammonia emissions and concen-
trations, including vertical distribution of concentrations; 
2) spatial distribution of NH3 concentrations for the 
BASE and DYNAMIC simulations; and 3) comparisons 
of WRF-Chem ammonia and aerosol concentrations with 
observations for both the BASE and DYNAMIC runs. 

Fig. 1S. Locations of sites used in the model evaluation (1 h – hourly, 1d – daily, 1 m – monthly temporal resolution). Ammonia stations 
classified as agricultural are underlined.
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Ammonia emissions and concentrations 

The mean monthly pattern for all grid cells for the 
BASE and DYNAMIC emissions is given in Fig. 1. The 
greatest difference between the monthly sums is in winter 
(January and February), when the DYNAMIC emissions 
gives much lower sums, up to 4.5 times in February, than 
the BASE emissions. There is a shift in the spring time 
peak of emissions (up to 30%) as the BASE emissions 
give higher values in March and DYNAMIC in April. The 
DYNAMIC approach gives higher values between July 
and October. This temporal pattern is also reflected in both 
modelled and observed monthly ammonia concentrations 
(Fig. 2). For most stations the DYNAMIC approach gives 
higher concentrations in late summer and in autumn, and 
the modelled values are closer to observations if compared 

to the BASE run. The spring peak differs between stations 
and for some geographical locations, e.g., at Great Britain 
stations DYNAMIC gives a higher peak than BASE 
in March. However, for other locations, e.g., at stations 
in the Netherlands, the concentrations from the BASE 
simulation are higher. 

The hourly profiles of ammonia emissions 
(DYNAMIC approach only) and modelled and measured 
concentrations (both BASE and DYNAMIC) are shown 
for Harwell station (UK, GB 0036R), which is located in an 
agricultural area. These profiles are calculated for each of 
the four seasons and then normalised for this comparison 
(Fig. 3). The dynamic approach shows that the emissions 
typically peak during the afternoon in each case, starting 
from 13:00 in the autumn to 15:00 in the winter, and that 
the minimum is around 06:00 in the morning, where the 
difference is up to a factor of two between minimum and 
maximum. According to the observed values, the highest 
NH3 concentrations are during the day, between 09:00 and 
15:00. Modelled concentration peaks are shifted toward 
afternoon hours when compared with measured NH3 
concentrations. The lowest concentrations are modelled 
at midday and the highest at night. This pattern is similar 
for all the seasons considered. For each season, the 
DYNAMIC pattern is slightly closer to measurements than 
BASE, but both simulations fail to reflect the midday peak 
of NH3 concentrations. The closest agreement between 
the measurements and the DYNAMIC run is for winter. 
For this season, there is also the largest improvement if 
the BASE and DYNAMIC runs are compared, but for 
both runs the peak in NH3 concentration is shifted toward 

Fig. 1. Monthly distribution of ammonia emissions (sums for all 
grid cells) for the BASE and DYNAMIC approaches.

Fig. 2. Mean monthly concentrations of ammonia for selected agricultural (left column) and non-agricultural (right column) sites.
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the afternoon hours. The hourly profiles of ammonia 
concentrations for other sites are similar as described 
above and the midday peak present in the measurements 
is not represented by the measurements (Fig. 4).

The modelled and measured hourly time series of 
ammonia concentrations are presented in Fig. 5. The 

modelled peak of ammonia concentrations starts at the 
beginning of February for the BASE simulation and 
is moved toward March and April for the DYNAMIC 
simulation. The spring peak is much more extended in 
time in the BASE simulation, if compared to DYNAMIC. 
Therefore, BASE overestimates measured concentrations 

Fig. 3. Normalized NH3 concentrations and emissions according to hours for four seasons for the grid corresponding to Harwell Station. 
Normalization procedure: the sum of emissions/concentrations for each individual hour (0-23) was divided by the total sum of emissions/
concentrations in the season.

Fig. 4. Normalized NH3 concentrations (modelled and measured) according to hours, corresponding to the measurement stations. Nor-
malization procedure: the concentration for each individual hour (0-23) was divided by the total concentration in 2012.
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at the beginning of February at some stations (e.g., 
GB0036R, NL007R, and NL10235). At the agricultural 
stations (NL007R, NL10131) both models underesti-
mate NH3 concentrations in late autumn and early 
winter (November and December). For the stations 
located in the area close to ammonia sources and with 
very high measured concentrations (e.g., NL10131, 
above 50 μg m-3) both models underestimate observations 
throughout the year. For non-agricultural stations (e.g., 
NL0091R), the DYNAMIC simulation is able to capture 
many individual peaks (e.g., in March, July, and August), 
but the concentrations in November and December are 
underestimated.  

The vertical distribution of NH3 concentrations has 
been presented at Harwell Station (UK) for the selected 
periods of 1-7 of February, April, July, and October 2012 
using WRF-Chem. The vertical distribution of ammonia 
for the BASE and DYNAMIC simulation is similar for all 
seasons (Figs 6 and 2S). The general pattern indicates that 
the highest concentrations are at the surface layer with a 
linear decrease toward the upper layers. The WRF-Chem 
model calculates the highest ammonia concentrations at 
night, with the time of the maximum varying according 
to the month. During the periods analysed, this usually 
occurs before or at midnight in February and July, and 

after or at midnight in April. In October, the maximum 
values appear both before and after midnight. In July 
and October there are individual days with increased 
concentrations in the upper layers (4 July and 5 October) 
and that are accompanied by high surface concentrations. 
The daily pattern of the ammonia concentration is seen to 
be less regular for some short periods – e.g., on 5 April, 
which is related to a precipitation event during that day 
and washout of ammonia from the atmosphere. For all 
episodes, ammonia concentration peaks are negatively 
correlated with PBL height (not presented in the figure). 
In fact, the periods with the strongest diurnal pattern of 
ammonia concentrations are also on the days with large 
differences in PBLH between day and night. For April, 
we have illustrated the vertical distribution of NO3

-, NH4
+, 

and SO4
2- concentrations in the supplementary material 

(Fig. 3S). It can be seen that high concentrations of 
airborne aerosols are slightly shifted with a later peak 
compared to the peak values of ammonia concentrations 
(aerosol peaks are about 1-2 h later). These figures also 
show that the maximum aerosol concentrations appear 
above the surface layer; for NO3

- and NH4
+ this is usually 

about 200 m above ground level. 
The qualitative comparison of modelled results  

(Fig. 4S) with a satellite product from Van Damme et al. 

Fig. 5. Hourly ammonia concentrations for the selected agricultural (left column) and non-agricultural (right column) sites. Please notice 
the differences in y axes.
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Fig. 6. Temporal and vertical distribution of NH3 concentrations [µg m-3] for the DYNAMIC scenario for the grid corresponding to 
Harwell Station.

Fig. 2S. Temporal and vertical distributions of NH3 concentrations (µg m-3) for the BASE scenario.
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[55] shows a similar pattern over a large geographical area 
from Central France and the Alps in the south to Denmark 
and parts of the United Kingdom in the north. Parts of 
the United Kingdom and Scandinavia do not contain data 
in van Damme et al. [56]. In this large geographical area 
the peak concentrations are observed to be from March 
to May with a tendency to a delayed peak in the more 
northern parts. In Spain and Portugal, the picture is much 
more diverse. Many areas have their peak concentrations 
in March-May, while neighbouring areas peak during 
summer. This summer peak concentration is not observed 
in the model calculation. A similar picture is seen for Italy, 
where the peak concentration is in March-May over the Po 
Valley but generally in summer in the rest of Italy. Only the 
Po Valley is well reproduced here by the model, while the 
summer peak is not reproduced. Over the Balkan region 
and the Pannonian Plain, the peak concentrations are 
observed to happen during summer, while the simulation 
peaks are during spring. In France, the picture is also 
diverse. The majority of the country has a peak during 
March-May, while the southwestern parts contain a large 
area where the peak concentration is in the middle of the 
summer. This is not reproduced by the model.

Model evaluation for the BASE and DYNAMIC 
simulation for NH3 and aerosols 

(NH4+, NO3
-, SO4

2-)

A comparison of modelled and measured hourly, 
daily, and monthly NH3 concentrations for all stations is 

Fig. 3S. Temporal and vertical distribution of aerosol concentrations (µg m-3) for the DYNAMIC scenario for the April episode.

Fig. 4S. Julian day number in the year 2012, for which the model 
calculated the highest hourly ammonia concentrations (upper 
figure for the DYNAMIC and lower for the BASE simulations).
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presented in Table 2. For the BASE simulation and hourly 
temporal resolution the best results are obtained for spring 
– including the lowest NMGE (0.680 µg m-3) and the 
highest FAC2 (0.458) and R (0.419) – whereas the worst 
FAC2 (0.358) and R (0.274) is obtained for the summer 
period. For the same simulation, for daily and monthly 
comparison, the statistics change significantly, e.g., 
correlation coefficient is higher for all seasons and FAC2 
is higher for spring, summer, and autumn in comparison 
to hourly statistics. For DYNAMIC simulation and hourly 
temporal resolution the results are similar to BASE, with 
the highest FAC2 (0.419) and R (0.387) in the spring; 
however, the lowest NMGE is not in spring but in summer. 

There are no clear differences in model performance 
between the BASE and DYNAMIC simulation when all 
stations are considered. Both simulations underestimate 

measured concentrations for all seasons and have similar 
NMGE (about 0.7 μg m-3). For hourly, daily, and monthly 
values MB in summer and autumn and NMGE in winter 
and summer is lower for DYNAMIC than for BASE. 
Simultaneously, the DYNAMIC simulation gives worse 
performance in spring for each temporal resolution.

If only agricultural stations are compared with hourly 
measurements, the DYNAMIC simulation shows improved 
performance in terms of FAC2 and NMGE. The same is 
for daily and monthly statistics, but the general tendency 
for underestimation of observed NH3 concentrations is 
present for both the BASE and DYNAMIC runs. For 
summer, the DYNAMIC simulation shows a smaller bias 
if compared with BASE.

In the case of aerosols (NH4
+, NO3

-, SO4
2-, Tables 4-6), 

the DYNAMIC simulation underestimates measured 
concentrations for all species (MB<0). The BASE 
simulation underestimates NH4

+ concentrations in winter 
and spring, underestimates SO4

2- for all seasons, and 
overestimates (MB>0) NO3

- for all seasons. Generally, the 
best performance (the lowest NMGE and the highest R) is 
for NO3

- for DYNAMIC. There is a significant improvement 
between the BASE and DYNAMIC simulation for NO3

-. 
FAC2 and NMGE are improved for the DYNAMIC run 
during all seasons, e.g., in winter from 0.25 to 0.36 for 
FAC2 and from 10.8 to 0.99 μm-3 for NMGE. A decrease in 
NMGE, between BASE and DYNAMIC, is also observed 
for NH4+ in spring, summer, and autumn. The BASE run 
gives better model-measurement agreement for SO4

2-. 
The performance of the BASE and DYNAMIC 

runs for hourly, daily, and monthly measurements is 
summarized, based on all available stations, in Taylor 
plots (Fig. 7). Both runs poorly reproduce the observed 
variability of NH3 concentrations, which is shown by 
lower-than-observed standard deviation for all temporal 
resolutions. For daily concentrations of aerosols  
(Fig. 7), there is a clear improvement for standard deviation 
of NO3

- if BASE and DYNAMIC runs are compared, 

BASE daily

Season N FAC2 MB NMGE R

winter 3,206 0.032 -1.733 0.949 0.135

spring 3,258 0.116 -1.289 0.810 0.393

summer 3,121 0.339 -0.978 0.686 0.369

autumn 3,059 0.155 -1.210 0.842 0.384

DYNAMIC daily

Season N FAC2 MB NMGE R

winter 3,206 0.014 -1.771 0.969 0.138

spring 3,258 0.045 -1.418 0.883 0.392

summer 3,121 0.173 -1.204 0.793 0.369

autumn 3,059 0.089 -1.310 0.900 0.386

Table 4. Mean statistics split into seasons for NH4
+ concentrations 

based on daily observations (N) from all sites.

BASE daily 

Season N FAC2 MB NMGE R

winter 1,921 0.433 -0.326 0.638 0.586

spring 1,983 0.432 -0.142 0.671 0.590

summer 1,915 0.391 0.058 0.983 0.220

autumn 1,801 0.379 0.446 0.994 0.524

DYNAMIC daily 

Season N FAC2 MB NMGE R

winter 1,921 0.340 -0.647 0.681 0.586

spring 1,983 0.375 -0.571 0.653 0.587

summer 1,915 0.368 -0.279 0.784 0.221

autumn 1,801 0.424 -0.085 0.697 0.523

Table 5. Mean statistics split into seasons for NO3
- concentrations 

based on daily observations (N) from all sites.

BASE daily

Season N FAC2 MB NMGE R

winter 1,602 0.428 0.481 0.714 0.630

spring 1,571 0.352 0.880 0.852 0.657

summer 1,510 0.179 0.876 1.606 0.270

autumn 1,534 0.250 2.851 1.822 0.547

DYNAMIC daily

Season N FAC2 MB NMGE R

winter 1,602 0.448 -0.770 0.594 0.631

spring 1,571 0.400 -0.586 0.632 0.654

summer 1,510 0.218 -0.028 1.087 0.273

autumn 1,534 0.364 0.991 0.992 0.546

Table 6. Mean statistics split into seasons for SO4
2- concentrations 

based on daily observations (N) from all sites.
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changing from 5.0 to 2.9, where the measured value is 3.0. 
There are very small changes of correlation coefficients 
between the simulations.

Discussion and Conclusion

We have observed that there is no clear improvement 
in model performance between the BASE and DYNAMIC 
simulation at the sites across Europe. Both simulations 
underestimate measured concentrations of NH3 for all 
seasons and have similar NMGE (about 0.7 μg m-3). 
However, for all temporal resolutions (hourly, daily, and 
monthly), NMGE in winter and summer is lower in the 
DYNAMIC simulation than in the BASE simulation. 
Simultaneously, the DYNAMIC simulation in general 
gives poorer agreement with observations during spring 
for all temporal resolutions. The analysis of the diurnal 
cycle of the NH3 concentration at, e.g., Harwell shows that 
the modelled hourly ammonia peaks are shifted toward the 
afternoon if compared with measurements. This occurs 
both for the BASE and DYNAMIC simulations, despite 
a strong peak of emissions in mid-day for the DYNAMIC 
approach. In the case of the DYNAMIC simulation, the 
model-measurement agreement is better (higher FAC2 and 
lower NMGE) if only agricultural stations are considered 
for all temporal resolutions. However, when we compare 
the model performance between BASE and DYNAMIC 
for agricultural stations, the tendency is similar as for 
all stations – underestimation of observations for both 
simulations and slightly better MB in summer and autumn, 
and NMGE in winter and summer for DYNAMIC. A 
similar modelled ammonia concentration pattern to that 
described above (peak shifted toward afternoon or evening 

hours) was reported by Wen et al. [57] for STILT-Chem 
simulations over southern Ontario in the United States, 
but the results were not evaluated against observations. 
The diurnal cycle of modelled ammonia concentrations 
for Cabauw station presented by Schaap et al. [58]  and 
for selected EMEP stations by Aas et al. [59] shows better 
agreement with observations. These results are limited, 
however, to a selected station [58] or short period [59]. 

Results presented by Aas et al. [59] for June 2006 
(Ispra, Harwell, Cabauw) show that both the modelled 
and measured cycles of NH3 typically have a maximum in 
early morning, and in general higher NH3 concentrations 
during daytime than night time, except at Ispra (IT01), 
where the modelled NH3 shows much lower variation than 
observed. A similar pattern was found for January 2007. 
However, the diurnal variation was clearly weaker in the 
measurements than in the model results. 

These model results are typically based on a standard 
diurnal cycle of the ammonia emissions that assumes 
a factor of two higher emissions during the day than 
during the night. For regions with fertilized fields this 
might represent the diurnal cycle quite well, but in areas 
dominated by emissions from farms a more damped diurnal 
cycle in the emissions could be expected. The authors 
suggested that in order to obtain a better diurnal variation 
of ammonia concentrations the dispersion model could be 
coupled to a dynamic, mechanistic ammonia emissions 
model where the diurnal variation of emissions would 
depend on temperature, wind, and type of agricultural 
activity [59]. The suggested solution is exactly what we 
used in our study. However, the application of the Europe-
wide default settings in the dynamic emissions model 
and at relatively coarse resolution did not lead to clear 
improvements in the modelled ammonia concentrations. 

Fig. 7. Taylor plots based on all available observations. Upper row for NH3, from left to right: hourly, daily, monthly. Lower row for daily 
data, from left to right: NH4

+, NO3
-, and SO4

2-.
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The other drawback is the relatively coarse model grid 
resolution, which does not allow for detailed spatial 
separation between the source and background areas of 
NH3 [60].

The vertical distribution of modelled ammonia 
concentrations indicates, as expected, that the main 
source of ammonia in the air is at the surface. The 
maximum aerosol concentration appears after the peak 
of NH3 concentration, which may infer that the ammonia 
peaks are not related to the release of ammonia from 
aerosols. For aerosols (NO3

-, NH4
+, SO4

2-) the maximum 
concentrations appear above the surface layer for selected 
episodes. The measured profile of ammonium, nitrate, and 
sulphate concentrations from the EUCAARI-LONGREX 
campaign, as reported by Kulmala et al. [61], shows a 
similar pattern. The concentration peak appears above the 
surface layer but not higher than 2 km above the ground 
layer. 

Aerosol concentrations of NH4
+, NO3

-, and SO4
2- 

from the DYNAMIC simulation are underestimated 
for all species, with annual MB based on daily values 
equal to -0.40, -0.10, and -1.43 μg m-3, respectively. 
Underestimations of aerosol concentrations were also 
simulated by the LOTOS-EUROS model for the Cabauw 
station [58]. MB based on hourly values for 2007 was 
equal to -0.60, -2.2, and -1.1 for NH4

+, NO3
-, and SO4

-2. 
Our results show a significant improvement between the 
BASE and DYNAMIC simulations for NO3

-. FAC2 and 
NMGE is improved for all seasons, e.g., in autumn from 
0.25 to 0.36 for FAC2 and from 1.82 to 0.99 μm-3 for 
NMGE.

For each analysed episode (March, April, July, 
and October) the surface ammonia concentrations are 
negatively correlated with the planetary boundary layer 
height – midday peaks of PBLH are accompanied by 
a local minimum of modelled NH3 concentrations. It 
has been previously shown that PBLH is an important 
variable for air quality modelling, which is often difficult 
to simulate accurately in numerical models [62-63]. 
Determining the PBLH is important in atmospheric 
numerical models, because it is used in other physical 
parameterisations and because it is a governing parameter 
for the distribution of trace gases [64]. Meteorological 
conditions are known to exert a direct impact on air quality 
simulation. Han et al. [65] showed that the difference in 
modelled vertical turbulent mixing is one of the main 
reasons for the discrepancy in pollutant concentration 
among the chemical transport models. The purpose of PBL 
parameterization is to redistribute energy and humidity in 
the PBL. Both humidity and temperature have an impact 
on ammonia concentrations. Previous studies suggest that 
the YSU scheme in WRF [66], which was also applied in 
our study, tends to overestimate the PBL height [63]. The 
highest variability between measurements and modelled 
data are in the midday and are rather constant at night 
[67]. Kim et al. [40] have found that the YSU and MYJ 
schemes in WRF overestimate, while ACM2 and MYNN 
underestimate PBL height. Their study over Greater 
Paris indicates that the modelled mean PBLH differs 

significantly among the schemes and by more than 300% 
between the MYNN and YSU. Overestimation of PBLH 
in chemical transport models like, e.g., WRF-Chem, might 
cause an overestimation of mixing layer depth and result in 
an underestimation of modelled pollution concentrations. 
The latter might be especially relevant for emissions that 
are released from the surface. Based on the meteograms 
plotted here, we suggest that the vertical extent of the PBL 
will directly impact the overall concentration of ammonia 
in the PBL layer. The PBL physics – and therefore also 
the choice of parameterisation – must therefore affect the 
ammonia concentrations both at the surface as well as 
throughout the PBL layer.

The potential higher bias in T2 from the WRF model, 
reported for Central Europe for summer season by Skjøth 
et al. [42] and Kryza et al. [43], will impact the modelled 
ammonia concentrations. The NH3 measuring stations in 
this region (e.g., in Poland) reveals an increased bias in 
ammonia concentration for the DYNAMIC simulation, 
for which NH3 emissions depends on air temperature if 
compared to the BASE simulation during the summer. 
However, this increased bias for the DYNAMIC 
simulation is also present for the spring. This suggests that 
the bias in ammonia concentrations is not related to a bias 
in temperatures alone, but is a combination of effects also 
related to the coarse grid applied here and how the ammonia 
emissions are distributed between different emissions 
sectors implemented into the dynamic emissions model, 
which are then affected by meteorological factors. Several 
studies showed that significant differences may occur 
between measured and modelled ammonia concentrations 
due to the grid size resolution. The highly localized nature 
of NH3 emissions is especially causing this difference 
[68-69]. 

The meteograms for aerosols suggest that the high 
night-time concentrations are not due to the release of 
ammonia from nitrogen-containing aerosols. The most 
likely cause of these high concentrations is that the flux 
of ammonia from the surface is too high at night. The 
flux of ammonia from agricultural sources away from 
the surface is mainly dependent on two processes: direct 
emissions due to volatilization (e.g., higher temperatures 
give higher emissions) and the effect of turbulence. The 
parameterisation we used does not provide an increase of 
100% in emissions from manure that is applied to the field 
as it is directly linked to previous studies with the ALFAM 
model [16, 50], and the parameterisation does not take 
into account turbulence at the surface, but instead uses a 
wind speed dependency taken from the ALFAM model 
[50]. The combination of the temperature and wind speed 
effect has the consequence that there will be a continuous 
release of ammonia during the night, even during low 
temperatures and at low wind speeds. Therefore, it must 
be expected that this limitation causes a redistribution of 
emissions from day to night, thereby reducing the diurnal 
emissions profile and causing a lower daytime peak. If 
this hypothesis is correct, then new field experiments as a 
replacement of older experimental data from the ALFAM 
would be appropriate. Such observations could be used 
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to update the effect of environmental parameters on the 
volatilization of ammonia from fields within the emissions 
model. 

Due to the implementation of meteorological conditions 
in the DYNAMIC approach, a significant proportion of 
the emissions was moved from the winter period to spring 
and autumn. However, the spring and autumn peaks of 
modelled concentrations are often misplaced in time if 
compared with measurements. This can be improved by 
replacing the Europe-wide default setting, used here after 
Skjøth et al. [18] with national practice and regulations 
for individual countries. Studies of the negative effects 
related to high ammonia have shown that plant sensitivity 
to ammonia might depend on the evolution of the plants 
and hence can vary throughout the seasons [70]. If CTMs 
are going to be used for environmental assessments that 
focus on the seasonal and also the short-term variations 
of ammonia, then it is recommended to adjust the Europe-
scale settings in the model with country or regional-scale 
settings over the target areas. 

The spatial distribution of ammonia emissions varies 
substantially in time between the BASE and DYNAMIC 
simulations. This difference is especially noticed for 
countries with high ammonia emissions. High ammonia 
concentrations (above 10 µg m-3) occur during the winter 
obtained with the BASE simulation for northern Italy, 
northern France, Germany, and Poland. These high 
concentrations are caused by both emissions (higher 
than in the DYNAMIC simulation) and meteorological 
conditions, such as low PBL height that decrease dilution 
and low temperatures that decrease chemical conversion. 
In April, for the same areas, much higher concentrations 
are modelled with the DYNAMIC simulation than with 
the BASE simulation. This is related to high ammonia 
emissions during this period caused by the application of 
manure and fertilizers in growing crops. Simultaneously 
for April, the DYNAMIC simulation calculated the highest 
ammonia concentrations for many European regions, 
presented in this study as the number of day with the 
highest hourly concentrations. Similar findings on spatial 
variability were also documented by Hamaoui-Laguel  
et al. [25] for a study conducted over France. Their study 
focused on the effect of emissions from mineral fertilizers 
and these results showed that the spatial pattern was 
highly dependent on actual meteorological conditions. 
These results, obtained with the CHIMERE model, the 
results by Wen et al. [57] with STILT-Chem, our results 
with WRF-Chem, and previous studies with this emissions 
model all suggest that it is important to have a direct 
connection between hourly meteorological variables and 
the level of ammonia emissions. The comparison with 
the satellite product suggests that the model simulations 
qualitatively agree with peak concentrations in Central 
Europe and Northern Europe, but the picture is more 
diverse in France, Spain, and Portugal. In these regions 
the peak concentration can be in either spring or summer. 
Conceptually, the emissions model forces a nationwide 
spring peak in ammonia concentrations in these regions 
as the farmers are expected to apply a significant part of 

the manure during spring. However, significant fractions 
of the agricultural landscape in France, Italy, Spain, and 
Portugal, according to the CLC data set, are not crops 
under rotation (e.g., wheat, barley, and sunflower, which 
need annual harvest and tiling), but instead permanent 
crops, pastures, or complex cultivation patterns. These 
areas will typically not receive a substantial application 
of manure during spring but will instead have higher 
emissions during summer due to grazing and because 
there is no need from an agricultural point of view to apply 
the manure during spring. This suggests that the Europe-
wide calculations can be improved substantially in this 
area, if the land cover type is included in the emissions 
model, which is currently not the case. The lack of spring 
peak over the Pannonian Plain and the Balkan region 
in the simulation could partly be related to the same 
issue as a land cover type. However, large parts of the 
Pannonian Plain are covered by crops under rotation. A 
detailed inspection of data from the greenhouse gas and 
air pollution interactions and synergies (GAINS) model 
system shows that the storage facilities in countries like 
Croatia, Bulgaria, and Hungary are estimated to hold 2-4 
months of manure. This will force very large amounts of 
manure to be applied during summer. The information in 
GAINS also indicates that the manure is to a large degree 
applied to permanent grassland, which often happens 
during summer. This suggests that the emissions model 
can be improved by taking into account the number 
of applications that farmers have to make during one 
production year (as dictated by the storage facilities) and 
the type of land cover that typically receives the manure 
(e.g., permanent grassland or crops under rotation).

Our study does not include bi-directional exchange, 
which can further influence the modelled ammonia 
concentrations. A recent study provided by Zhu et al. [21] 
suggests that although the implementation of bi-directional 
exchange leads to a better fundamental description of 
NH3 emissions from fertilizers, it does not uniformly 
improve estimation of NH3 concentrations, NH4

+ wet 
deposition, and nitrate aerosol concentrations. However, 
Bash et al. [24] reported that an implementation of bi-
directional exchange of NH3 improved the simulations 
of NHx wet deposition and improved the simulation of 
ambient nitrate aerosol concentrations for the United 
States. Wichink Kruit et al. [23] showed that with the new 
description in the LOTOS-EUROS model, which includes 
bi-directional surface-atmosphere exchange, the modelled 
ammonia concentrations increase almost everywhere, 
in particular in agricultural source areas. The reason for 
this is that by using a compensation point the ammonia 
lifetime and transport distance is increased. A comparison 
with measurements shows that the model results better 
represent measured ammonia concentrations; however the 
concentrations in nature areas are slightly overestimated, 
while the concentrations in agricultural sources are 
underestimated.

Our study indicates that the application of dynamic 
ammonia emissions at a relatively course resolution  
(36 x 36 km) and based on the Europe-wide default 
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settings into the chemical transport model may not lead to 
improvement of model performance. The main advantages 
of the dynamic approach are:
1)	 Better representation of NH3 concentrations in summer 

and autumn.
2)	 Improvement in representation of the spring peak in 

NH3 concentrations – the peak is shorter if compared 
with the BASE run and better reflects the observed high 
values of NH3 concentrations for agricultural stations. 
This spring peak gradually progresses northward 
according to the progression of crop growth and is in 
agreement with both satellite [55] and ground-based 
observations [50].

3)	 Capture of individual peaks in March, July, and August 
for non-agricultural stations.

4)	 An automatic conversion from a spring peak into a 
summer peak in areas that are dominated by grazing 
animals such as in Southern Europe or Wales in the 
UK – thus as a consequence with a limited spring 
peak. This, however, require subnational information 
in countries like France, Portugal, Spain, and Italy. 
For further improvement of the ammonia concentrations 

modelled with WRF-Chem we suggest using a nested 
approach with higher spatial resolution and to take into 
account national practice and regulations in the emissions 
model. More importantly, the comparison with the 
satellite product by Van Damme et al. [56] and the diverse 
land cover pattern given in the CLC data set strongly 
indicates that it is important to consider land cover type 
in the emissions model and to include sub-national data 
sets on agricultural management. Technically, the model 
was developed for this approach [16, 50], but a method to 
generate the needed information on a Europe-wide scale 
has not yet been developed as we here rely on nation-wide 
numbers from the GAINS system. With an extension that 
relies on sub-national information, the areas with crops 
under rotation can receive spring manure while grasslands 
and pasture mainly will have their emissions peak 
during summer due to summer applications and grazing 
animals. Nevertheless, the comparison also suggests that 
the Europe-wide emissions model works well in many 
European countries, in particular in the geographical 
areas with extensive amounts of crops under rotation 
and an intensive agriculture with production systems that 
allow for substantial storage and as a consequence large 
amounts of spring application. The study also shows that 
the current description of the diurnal cycle of the ammonia 
concentration from agricultural fields is not sufficiently 
accurate, and more research is needed in order to improve 
the processes that describe the emissions from fields. The 
results suggest that the governing processes in relation 
to the diurnal cycle are the atmospheric mixing and the 
stronger daily pattern of ammonia emissions, e.g., through 
increased evaporation or increased fluxes from the surface. 
The latter is still quite difficult to observe as only very few 
sites measure ammonia concentrations with a sufficiently 
high temporal resolution required for a proper evaluation 
and developments of better emissions models. New field 
experiments as a replacement of older experimental data 

would be appropriate in order to update an observational 
assessment of the emissions process parameterised in 
the model, and this is one of the expected outcomes and 
objectives of the ECLAIRE project.
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