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Abstract: The objective of this study is to assess and understand the NH3 recent trends and to identify
the key components driving its concentrations. We have simulated the seasonal cycle, the interannual
variability, and the trends in NH3 vertical column densities (VCD) from 2008 to 2015 over Europe, with
the CHIMERE regional chemistry–transport model. We have also confronted the simulations against
the Infrared Atmospheric Sounding Interferometer (IASI) satellite observations. IASI often shows a
strong maximum in summer in addition to the spring peak, whereas CHIMERE only shows a slight
peak in summer some years. This result could point to a misrepresentation of the temporal profile of
the NH3 emissions, i.e., to missing emission sources during summertime either due to more than
expected fertilizer use or to increased volatilization under warmer conditions. The simulated NH3

VCDs present an increasing trend over continental Europe (+2.7 ± 1.0 %/yr) but also at the national
scale for Spain, Germany, UK, France, and Poland. Sensitivity tests indicate that these simulated
positive trends are mainly due to (i) the trends in NH3 emissions, found heterogeneous in the EMEP
NH3 emissions with strong disparities depending on the country, and (ii) the negative trends in NOx

and SOx emissions. The impact of reductions in NO2 and SO2 emissions on NH3 concentrations
should therefore be taken into account in future policies. This simulated NH3 VCD increase at
the European scale is confirmed by IASI-v3R satellite observations in spring and summer, when
ammonia emissions strongly contribute to the annual budget in accordance with crop requirements.
Nevertheless, there are remaining differences about the significance and magnitude between the
simulated and observed trends at the national scale, and it warrants further investigation.

Keywords: ammonia; trends; simulations; satellite observations

1. Introduction

Ammonia (NH3) is the primary alkaline gas in the atmosphere, mainly emitted by
agricultural activities. As it is involved in both the acidification and eutrophication of
environments due to N deposition [1,2], and in the degradation of air quality due to its
strong contribution to the formation of particulate pollution [3], its emissions have been
subject to regulations. They have been covered by the Gothenburg protocol under the
United Nations Convention on Long-Range Transboundary Air Pollution and by the EU
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National Emission Ceilings Directive [4]. In this context, annual national total and sectoral
emissions of air pollutants and associated activity data must be reported by cooperating
European countries to the European Monitoring and Evaluation Programme/Centre on
Emission Inventories Projection (EMEP/CEIP). The EU Directive 2001/81/EC has been
revised in 2016 [5], updating the target for reducing NH3 emissions by 2030 compared
to 2005 depending on the country (i.e., set at −13% for France, at −24% for Denmark,
or at −29% for Germany). Despite these international commitments, reported total NH3
emissions present only a slow decrease from 3824 Gg.yr−1 to 3613 Gg.yr−1 in EU-28
between 2005 and 2018, corresponding to a decrease of around 6% [6].

Evaluating these emission changes could be achieved with NH3 measurements at the
surface. Nevertheless, this is challenging at relevant mixing ratios (<10 ppbv) [7,8], and
only few countries maintain an operational network for now (i.e., National Air Quality
Monitoring Network LML and the Measuring Ammonia in Nature MAN in the Nether-
lands, and the National Ammonia Monitoring Network NAMN in UK). As a result, there is
no extended and operational measurement network for NH3 at the European scale as there
are for other air pollutants(such as ozone, PM10, and PM2.5), and international monitoring
strategies are restricted to a few campaigns [9]. The lack of long-term measurements of
NH3 fluxes consequently prevents from evaluating the bottom-up quantification of NH3
emissions over Europe.

In this context, recent studies have used the long-term archive of satellite observations
to monitor the NH3 spatial and temporal variability [10,11]. Satellite observations of NH3
indeed (i) offer complete coverage over Europe in the absence of clouds and under good
retrieval conditions, and (ii) the atmospheric Vertical Column Density (VCD) observed by
satellites is typically due to NH3 at or near the surface [12].

However, the following studies using satellite observations have shown an increase
in atmospheric NH3 concentrations over Europe, contradictory with nearly constant NH3
emissions. Using the Atmospheric Infrared Sounder (AIRS), Warner et al. [10] have shown
evidence of substantial increase in atmospheric NH3 concentrations of about +1.83%/yr
over Europe from 2002 to 2016. Using satellite observations from the Infrared Atmospheric
Sounding Interferometer (IASI, [13]), Van Damme et al. [11] also found a significant increase
of +1.90 ± 0.43 %/yr over Western and Southern Europe from 2008 to 2018 in the NH3
VCD. Different reasons have been raised to explain this NH3 increase in the atmosphere,
also observed over other parts of the world [14–17], including:

1. an impact of meteorology,
2. a misrepresentation in the reported NH3 emission trends,
3. the reported decrease in anthropogenic SOx and NOx emissions [6]–precursors of

sulfuric acid H2SO4 and nitric acid HNO3, respectively–providing less H2SO4 and
HNO3 for neutralization of NH3 in the atmosphere.

Nevertheless, the increase in the AIRS-NH3 trends over 2002–2016 [10] is mainly
explained by the 2002–2008 period, and less by the more recent 2008–2016 period. A non-
negligible part of the increase detailed by Van Damme et al. [11] seems to be explained
by a sharp increase in the NH3 VCDs in 2018 due to exceptionally warm and dry weather
conditions, favoring NH3 volatilization.

The objective of our study is to assess and understand the recent NH3trends and to
identify the key components driving its concentrations. We simulate the seasonal cycle, the
interannual variability (IAV) and the trends in NH3 VCD from 2008 to 2015 over Europe.
We use the CHIMERE regional chemistry–transport model (CTM) [18–20], widely used to
monitor and study air quality [21–26]. We performed different sensitivity tests to assess
the impact of meteorology, and of NH3, NOx and SOx emissions. We then confront and
evaluate the simulated seasonal cycles, IAV, and trends in NH3 VCDs against the IASI
satellite observations. Data and methods used for this study are presented in Section 2, and
the results are given and discussed in Section 3.
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2. Data Set/Tools
2.1. Chemistry Transport Model CHIMEREv2013b

CHIMERE simulates hourly fields of concentrations of gaseous and particulate chemi-
cal species, from the urban scale to the hemispheric scale [18,19].This model is driven by the
European Centre for Medium-Range Weather Forecasts global meteorological fields [27].
The horizontal resolution is given as follows: 0.5◦ × 0.5◦ over 14◦ W/25.5◦ E–35◦ N/58◦ N
(Figure 1). The vertical grid contains 17 layers from the surface to 200 hPa. We use biogenic
emissions from the Model of Emissions of Gases and Aerosols from Nature MEGAN [28]
and anthropogenic emissions based on the official annual emission data submitted by coun-
tries to EMEP/CEIP, from 2008 to 2015 ([29] EMEP/CEIP website). The seasonal profile
of these anthropogenic emissions is prescribed according to the typical national factors
provided by the Generation of European Emission Data for Episodes (GENEMIS) [30], also
described in Couvidat et al. [31]. This seasonal temporal profile used for the temporaliza-
tion of emissions—the same one applied to the entire country—leads to a maximum in NH3
emissions systematically in April [32]. NH3 emissions probably present a diurnalvariability,
especially due to higher afternoon temperatures favoring ammonium evaporation [33].
This feature is however not included in our emission database, which keeps daily and
monthly constant values. The annual budget for NH3 emissions over our domain is 4114
ktNH3 in 2008.

Figure 1. (a) Mean EMEP NH3 emissions, in ktNH3, and mean average of (b) the simulated
CHIMERE-EMEP NH3VCD, (c) the CHIMERE-EMEP-colocIASI NH3 VCD and (d) the IASI-v3R
observations, over the continental domain, in molec.cm−2, for the period 2008–2015.
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The chemical scheme used in CHIMERE is MELCHIOR-2, with more than 100 reac-
tions [18], including 24 for inorganic chemistry. For inorganic species, aerosol thermody-
namic equilibrium is achieved using the ISORROPIA model [34]. The parameterization of
NH3 dry deposition is unidirectional in CHIMERE. However, Azouz et al. [35] assessed
that such regional models usually operating with large grid cell sizes simulate the average
NH3 dry deposition flux over a large domain of simulation quite well when comparing to
a small-scale Gaussian model with unidirectional deposition.

Three sets of 8-year simulations, described in Table 1, have been performed to evaluate
the impact of the meteorology and of NH3, NOx, and SOx European emission changes
on the NH3 VCD trends. To this end, climatological values from the LMDZ-INCA global
model [36] are used to prescribe the NH3, NO2, and SO2concentrations at the lateral
and top boundaries. First, we have run reference simulations from 2008 to 2015, called
“CHIMERE-EMEP” in the following. Then, we have performed sensitivity tests. We have
run simulations with all the anthropogenic EMEP emissions kept constant at the 2008 levels,
called “CHIMERE-EMEPconst” in the following. The objective of this sensitivity test is
to assess the impact of the changes in meteorology on the NH3 VCD trend. We have also
run simulations with only NOx and SOx anthropogenic EMEP emissions kept constant at
the 2008 levels, called “CHIMERE-EMEPconstNS” in the following. The objective of this
sensitivity test is to assess the impact of the changes in NOx and SOx emissions on the NH3
VCD trend.

Table 1. Description of the CHIMERE simulations performed in this study.

Name NH3 Emissions NOx and SOx Emissions Objectives of the Simulation

CHIMERE-EMEP EMEP 2008–2015 EMEP 2008–2015 Reference

CHIMERE-EMEPconst EMEP 2008 EMEP 2008 Sensitivity to meteorology

CHIMERE-EMEPconstNS EMEP 2008–2015 EMEP 2008 Sensitivity to NOx and SOx emissions

2.2. IASI-v3R NH3 VCD

To quantify and understand the recent variability of NH3 over the 2008–2015 period,
we use data from the IASI-A instrument, flying on a low sun-synchronous polar orbit since
October 2006, with equator crossing times of 09:30 (descending mode) and 21:30 (ascending
mode) LST [37]. The algorithm used to retrieve NH3 columns from the radiance spectra
is described in Whitburn et al. [38], Van Damme et al. [39], and Franco et al. [40]. We use
the ANNI-NH3-v3R-ERA5 dataset, called IASI-v3R in the following, which is relevant for
inter-annual comparison and trend analyses [11]. It relies on ERA5 ECMWF meteorological
input data [41].

The IASI total columns are averaged into “super-observations” (average of all IASI
data within the 0.5◦ × 0.5◦ resolution and within the physical time step of CHIMERE). We
have followed the recommendations formulated in Van Damme et al. [39] for post-filtering
and for averaging data in time and space. We also only consider land measurements from
the morning overpass. The analysis of the uncertainty distribution reveals uncertainties
generally below 30% over source areas for the morning overpass time measurements. For
regions with low NH3 columns in contrast, the uncertainty is typically larger than 150% [38].
We first consider the IASI-v3R data over the whole year (see Section 3). Nevertheless, there
is a strongly lower number of super-observations during autumn and winter than in spring
and summer (e.g., 41,526 super-observations in January against 77,400 in March 2015,
Table 2). In addition, some studies have shown that the IASI observations are subject to
large errors because of the lower spectral signal to noise ratio in autumn and in winter
than in spring and summer [42,43]. As in these studies, we consequently also perform the
analysis excluding the IASI-v3R data for autumn and winter.
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Table 2. Monthly number of IASI-v3R super-observations, in 2015.

Number of IASI Super-Observations

January 41,526
February 43,463

March 77,400
April 84,574
May 85,219
June 105,932
July 123,292

August 121,195
September 92,570

October 63,362
November 52,522
December 44,538

2.3. Time Series Analysis Method

We calculate the gridded monthly budgets of NH3, NOx, and SOx EMEP emissions.
We also compute gridded monthly averages of NH3, NO2, and SO2 VCDs simulated with
CHIMERE over land. We compute the gridded monthly averages of NH3 IASI-v3R VCD,
from daily gridded super-observations.

To derive the trends, we first calculate the monthly time series using these gridded
monthly averages or monthly budgets at the CHIMERE resolution. National trends are
calculated from monthly averages by taking into account the grid cells covered by each
country only.

The monthly mean time series are used to calculate a mean 2008–2015 seasonal cycle.
This cycle is then used to deseasonalize the monthly mean time series by calculating the
anomalies. The linear trend is then calculated based on the monthly anomalies and a linear
regression, as in Dufour et al. [44]. It is presented in percent per year in the following.
As an ordinary linear regression is used for trend calculation, the trends uncertainties
are calculated as the t test value multiplied with the standard error of the trends, which
correspond to the 95 % confidence interval.

3. Results
3.1. Spatial Variability and Seasonal Cycles of Simulated and Observed NH3 VCD

Figure 1a presents the spatial variability of the annual EMEP NH3 emissions, showing
strong hot-spots particularly over the Netherlands, the Po Valley and the French Brittany re-
gion, known as major European animal husbandry sources [23,33,45]. Figure 1b, presenting
the average of NH3 VCDs simulated by CHIMERE over the period 2008-2015, shows similar
patterns. When the CHIMERE-EMEP NH3 VCDs are collocated with the IASI-v3R obser-
vations (i.e., by considering the model only where and when IASI super-observations are
available), the VCDs are called “CHIMERE-EMEP-colocIASI NH3 VCDs”. The simulated
CHIMERE-EMEP-colocIASI NH3 VCD present different patterns with higher values over
France and Germany than those of the CHIMERE-EMEP NH3 VCDs (Figure 1c). This indi-
cates that the sampling linked to the IASI-v3R observations (i.e., morning overpass, cloud-
free scenes) has a strong impact on the simulated NH3 VCD spatial patterns. Figure 1d
presents the spatial variability of the average of the NH3 IASI-v3R super-observations over
the entire period 2008–2015. Compared to these super-observations, the CHIMERE-EMEP-
colocIASI simulation often under-estimates the NH3 VCDs (e.g., over Spain, over Eastern
Europe). On the contrary, the simulated CHIMERE-EMEP-colocIASI NH3 VCDs are higher
than IASI over northern France, particularly over the Bretagne region, and over southern
Germany. This is probably due to a misrepresentation of livestock emissions. Bretagne in
France [32] and Southern Germany are indeed regions known for their livestock activity.

The simulated CHIMERE-EMEP and CHIMERE-EMEP-colocIASI NH3 VCDs show a
similar monthly variability (Figure 2). CHIMERE-EMEP, CHIMERE-EMEP-colocIASI and
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IASI-v3R, NH3 VCD also present similar seasonal cycles (Figure 2), the latter ones present-
ing a temporal correlation of 0.59 from 2008 to 2015. Maximums are seen in spring, when
ammonia emissions are enhanced due to mineral fertilizer use in accordance with crop re-
quirements [23,32,46–48], and a minimum in winter. However, it should be noted that IASI
often shows a strong peak in summer in addition to the spring peak, whereas CHIMERE
only shows a slight peak in summer some years (e.g., in 2009, in 2011). This result could
point to a misrepresentation of the temporal profiles by GENEMIS, to missing emission
sources during summertime, either due to more than expected fertilizer use in summertime
or to increased volatilization from soils (not including in CHIMERE). Marais et al. [43], es-
timating the UK ammonia emission from satellite observations including IASI, consistently
showed a summer peak associated with dairy cattle farming.

Figure 2. Monthly means of NH3 VCD simulated by CHIMERE-EMEP (in cyan) and by CHIMERE-
EMEP-colocIASI (in purple) and observed by IASI-v3R (in pink) over the continental domain, in
molec.cm−2, from January 2008 to December 2015. Units are in 1016 molec.cm−2.

The spring peak simulated by CHIMERE occurs in April, due to the GENEMIS sea-
sonal temporal profile used for the temporalization of emissions. These peaks sometimes
present a gap of 1month compared to the IASI observations (e.g., peak in March 2012 and
in March 2014 for IASI).

The amplitude of these seasonal cycles can also be different. IASI shows higher NH3
VCDs than CHIMERE mainly in spring and in summer, explaining a mean negative bias of
CHIMERE compared to IASI of about −32% over the 2008–2015 period. These features can
be probably explained by a misrepresentation of the amplitude of NH3 emissions in the
bottom-up inventory [23,32], using a fixed and meteorology independent monthly emission
profiles as mentioned previously.

3.2. Trends of Simulated and Observed NH3 VCDs

To answer the questions raised in the introduction about diverging trends in the NH3
emissions and observed NH3, we have analyzed the trendsin NH3 VCD simulated by the
CHIMERE and we have performed sensitivity tests to assess the impact of meteorology, and
of NH3, NOx, and SOx emissions on these trends. We have then confronted the simulated
trends against the trends observed by the IASI satellite observations.



Atmosphere 2022, 13, 1101 7 of 16

3.2.1. Disparities between the Trends in EMEP Ammonia Emissions Reported by Countries

According to the study of EEA [6], based on the EMEP emissions, NH3 emissions have
seen no or only very small changes over Europe as a whole from 2008 to 2015. Nevertheless,
as seen in Figure 3a, the trends in reported NH3 EMEP emissions from 2008 to 2015 exhibit
strong disparities depending on the countries, with significant decreases especially over
the Netherlands, Denmark, France, and Poland. On the contrary, significant increases are
seen over other countries such as Germany, UK, and Spain. These disparities have also
been noticed in the EDGAR-v5inventory [11].

Figure 3. Eight-year trends of (a) NH3, (b) NOx, and (c) SOx emissions in the EMEP inventory. Pixels
with insignificant trend, with a p-value higher than 0.05, are shown with a cross symbol. Units are
in%/yr.

Only few statistics are available to evaluate these reported trends. As livestock and
spreading emissions strongly contribute to NH3 emissions, the trends in NH3 emissions
could be partly due to the evolution of the bovine herd or to the evolution of the fertilizer
consumption. Nevertheless, European statistics do not show a decrease in the bovine
population in France, Germany, Poland, the Netherlands, and Spain for example, at least
from 2011 to 2015 (data since 2008 are not available to our knowledge) [49]. It is, however,
interesting to note that the fertilizer consumption has increased in France, Germany, Poland,
Spain, and UK [50]. From 2008 to 2015, the fertilizer consumption has indeed increased from
152 to 170 kg per hectare of arable land in France, from 160 to 202 kg per hectare of arable
land in Germany, from 158 to 174 kg per hectare of arable land in Poland, and from 106 to
151 kg per hectare of arable land in Spain. Over UK, the fertilizer consumption has strongly
dropped from 2008 to 2009 (257 against 212 kg per hectare of arable land, respectively) and
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has then increased to 252 kg per hectare of arable land in 2015, due to increased use of urea-
based fertilizers [51]. In the Netherlands, the fertilizer consumption seems to remain similar
between 268 kg per hectare of arable land in 2008, and 267 in 2015 [50]. These statistics on
the evolution of the bovine herd from EUROSTAT [49] and of the fertilizer consumption
from World Bank [50] do not support our analysis of the geographic disparity for the NH3
emission trends in the EMEP bottom-up inventory. As these bottom-up inventories are
based on countries reporting, the disparities can be explained by different procedures
between countries to calculate and report the ammonia emissions [11]. This feature is one
of the limitations from bottom-up inventories to estimate consistent long-term trends in
NH3 emissions and consequently in NH3 VCDs.

3.2.2. Strong Increase of Simulated European NH3 VCDs

Over the continental domain, the CHIMERE-EMEP simulated NH3 VCDs show a
significant positive trend of +2.7 ± 1.0%/yr (Table 3). At the national scale, the CHIMERE-
EMEP VCD significantly positive trends over Spain, Germany, UK, France, and Poland
are of about +4.9 ± 1.9%/yr, + 3.2 ± 1.6 %/yr, +2.7 ± 2.4%/yr, +2.4 ± 1.0%/yr, and
+2.6 ± 2.2%/yr, respectively (Table 3). The CHIMERE-EMEP simulated NH3 VCDs indeed
show significant positive trends over large parts of Spain, Germany, UK, and Poland
(Figure 4a). Over large parts of France, Italy, and Eastern Europe, however, the CHIMERE-
EMEP simulated NH3 VCDs show insignificant trends (Figure 4a).

Table 3. Eight-year trends of NH3 VCD simulated by CHIMERE with the different sensitivity tests
detailed in Section 2.1 and observed by IASI-V3R, for different European countries. The statistical
method provides 2σ uncertainties of the trend values. Trends with a p-value equal or lower than 0.05,
with change exceeding the uncertainty, are shown in bold. Units are in %/yr.

CHIMERE-EMEP CHIMERE-EMEPconst CHMERE-
EMEPconstNS CHIMERE-EMEP-Coloc IASI-v3R

Continental
domain +2.7 ± 1.0 (p = 7.7 × 10−6) +0.2 ± 1.2 (p = 0.41) +0.6 ± 1.2(p = 0.13) +2.4 ± 1.1(p = 4.9 × 10−5) 0.9 ± 2.4 (p = 0.12)

Spain +4.9 ± 1.9(p = 6.3 × 10−7) +0.4 ± 1.7(p = 0.70) +3.0 ± 1.9 (p = 0.003) +4.3 ± 1.8(p = 1.4 × 10−6) +0.07 ± 2.5 (p = 0.47)

Germany +3.2 ± 1.6 (p = 1.9 × 10−6) +0.3 ± 1.6 (p = 0.14) +1.8 ± 1.6(p = 0.002) +3.5 ± 1.8 (p = 2.1 × 10−6) +3.8 ± 4.0 (p = 0.86)

UK +2.7 ± 2.4(p = 9 × 10−5) −0.04 ± 2.46 (p = 0.27) +0.3 ± 2.5(p = 0.13) +3.7± 2.2(p = 2.7 × 10−6) −2.6 ± 5.2 (p = 0.10)

France +2.4 ± 1.0(p = 1.8 × 10−6) +0.6 ± 1.8 (p = 0.33) +0.2 ± 1.8 (p = 0.68) +2.3 ± 1.8(p = 3.5 × 10−4) +1.8 ± 3.5 (p = 0.54)

Poland +2.6 ± 2.2 (p = 0.001) +0.3 ± 2.2 (p = 0.24) +0.1 ± 2.2 (p = 0.32) +3.6 ± 2.7 (p = 0.004) +2.39 ± 3.39 (p = 0.90)

3.2.3. Simulated NH3 VCD Increase Driven by NH3, SO2 and NOx Emissions

The NH3 VCD 8-year trends simulated by CHIMERE could be driven by meteorology
and by trends in anthropogenic NH3, SOx, and NOx emissions. Different sensitivity
tests have been performed to understand these trends. First, the CHIMERE-EMEPconst
simulation is run with all anthropogenic EMEP emissions kept constant at the 2008 levels
for the 2008–2015 period to assess the impact of the changes in meteorology on the NH3
VCD trend. The trends of the CHIMERE-EMEPconst simulated VCDs often become close
to zero or slightly positive. These trends are considered as insignificant everywhere in
Europe (except over parts of Albania and Greece, Figure 4b). This demonstrates that the
impact of meteorology changes between 2008 and 2015 on NH3 VCD trends may be weak
over Europe, as already shown for other parts of the world (by WichinkKruit et al., [15]
for the Netherlands, by Yu et al. [16] for the United States, and by Lachatre et al. [17] for
Eastern China).

The differences between the CHIMERE-EMEPconst and the CHIMERE-EMEPconstNS
simulations—between Figure 4b,c—can only be explained by changes in NH3 emissions.
When the variability of NH3 emissions is considered in the CHIMERE-EMEPconstNS
simulation, the NH3 VCD trends become stronger and significantly positive over large
parts of Spain and Germany (Figure 4c), consistently with the significant positive trends of
their NH3 emissions in the EMEP inventory (Figure 3a). On the contrary, when the trends
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in NH3 emissions are significantly negative in the EMEP inventory (Figure 3a), the NH3
VCD trends mainly remain small and insignificant over large parts of Europe (e.g., over
France, Italy, Poland, Figure 4c).

Figure 4. Eight-year trends of NH3 VCD (a) with the CHIMERE-EMEP simulations, (b) simulated by
CHIMERE with all anthropogenic EMEP emissions kept constant at the 2008 levels, and (c) simulated
by CHIMERE with NOx and SOx anthropogenic EMEP emissions kept constant at the 2008 levels,
over Europe for the period 2008–2015. Pixels with insignificant trend, with a p-value higher than 0.05,
are shown with a cross symbol. Units are in %/yr.

However, the evolution of NH3 emissions between 2008 and 2015 alone does not fully
explain the strong and significantly positive simulated NH3 surface and VCD CHIMERE-
EMEP trends over Europe. The strong difference in the trend estimates between the
CHIMERE-EMEPconstNS (Figure 4c), with constant NOx and SOx emissions through the
2008–2015 period, and the CHIMERE-EMEP simulations (Figure 4a) demonstrate the strong
impact of the decrease in NOx (Figure 3b) and SOx (Figure 3c) emissions estimated in the
EMEP inventory on the NH3 surface and VCD trends. The most significant reaction of
ammonia in the atmosphere is indeed its neutralization of acidic species–sulfuric acid
H2SO4 and nitric acid HNO3, for which SO2 and NOx are precursors, respectively. This
mainly determines the amount of ammonia that remains in the gas phase and the amount
that becomes particulate NH4

+. When NOx and SOx emissions are decreased, it leads to
(i) a decrease in NO2 (Figure 5a) and SO2 concentrations (Figure 5b), and then to (ii) an
increase in NH3 concentrations in the atmosphere. Our results are consistent with previous
studies over the US and over Eastern China [16,17,52].
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Figure 5. Eight-year trends of (a) NO2VCD and (b) SO2VCD, simulated by CHIMERE with the set-up
described in Section 2.1, for the period 2008–2015. Pixels with insignificant trend are shown with a
cross symbol. Units are in %/yr.

3.2.4. Comparison of the Simulated NH3 VCD Trends to the IASI-v3R
Satellite Observations

As for the spatial variability (Section 3.1), it is important to note that the sampling
linked to the IASI-v3R observations (i.e., morning overpass, cloud-free scenes) has a strong
impact on the simulated NH3 VCD trends. When the CHIMERE-EMEP VCDs are collocated
with the IASI-v3R observations, the simulated CHIMERE-EMEP-colocIASI VCDs remain
positive and significant over large parts of Spain, northeastern France, Germany, and
Greece, but become mainly insignificant over Eastern Europe (Figure 6a). It is interesting
to see that a lower number of pixels show a significant trend, even over Western Europe
(e.g., in France or in Italy). This is probably due to the lower sampling frequency.

Figure 6. Eight-year trends of NH3 VCD (a) simulated by CHIMERE with the set-up described in
Section 2.1 and collocated with IASI-v3R observations, and (b) observed by IASI-v3R observations.
Pixels with insignificant trend, with a p-value higher than 0.05, are shown with a cross symbol. Units
are in%/yr.

The IASI-v3R observations show stronger positive trends over northern France, Ger-
many, and Poland than for the simulated CHIMERE-EMEP-colocIASI VCDs, confirming
their signs. However, the IASI-v3R observations present contradictory trends over Spain,
southern France, Italy, and southeastern Europe.

In addition, the trends shown by the IASI-v3R observations are found insignificant
almost everywhere in Europe (Figure 6b) and therefore complicate the comparison. This
is not in agreement with Van Damme et al., [11], showing significant positive trends at
the national scale for different European countries, but for a different period focusing on
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the evolution of the NH3 IASI VCDs between 2008 and 2018. Nevertheless, as recalled in
the introduction, a non-negligible part of this2008–2018 increase in Europe seems to be
mainly due to exceptionally warm and dry weather conditions in 2018, favoring the NH3
volatilization [11] and perhaps explaining the differences in terms of significance between
the two studies.

The simulated NH3 VCD increase is confirmed by IASI-v3R satellite observations in
spring and summer, whenammonia emissions strongly contribute to the annual budget
in accordance with crop requirements and when NH3 VCDs are high (Figure 2). When
analyzing the inter-annual seasonal variations (Figure 7), we can see that the disagreements
between IASI and CHIMERE-EMEP-colocIASI VCD trends seem to be particularly due to
the winter period. CHIMERE indeed shows a slight increase whereas IASI shows a strong
decrease in the winter NH3 VCDs, by more than a factor of two (Figure 7). Nevertheless,
the IASI observations are subject to large errors because of low spectral signal to noise
ratio in winter and they are often removed from the analysis [32,42,43]. However, when
the IASI super-observations of autumn and winter are excluded, both IASI and CHIMERE
show an increase in NH3 VCDs from 2008 to 2015 (Figure 7). Over the entire domain, this
significant increase is even higher with IASI (+2.9 ± 2.6 %/yr, Table 4) than with CHIMERE
(+2.3 ± 1.4 %/yr, Table 4), due to higher IASI trends over Germany, Czech Republic, and
Poland (Figure 8). At the national scale, CHIMERE-EMEP-colocIASI and IASI both show
insignificant trends over France and UK, when taking into account spring and summer
only (Table 4). They both show significant trends over Germany, with stronger trends
estimated by IASI compared to CHIMERE-EMEP-colocIASI (Table 4). However, they still
show divergences about significance over Spain: CHIMERE-EMEP-colocIASI estimates a
strong significant increase in NH3 VCDs (+4.4 ± 2.2 %/yr, Table 4) while the IASI trend
remains positive but insignificant. Over Poland, IASI estimates a strong significant increase
in NH3 VCDs (+6.0 ± 3.9 %/yr, Table 4) while the CHIMERE-EMEP-colocIASI trend are
also positive (+2.8 ± 3.0 %/yr, Table 4) but insignificant.

Figure 7. Inter-annual seasonal variations of NH3 VCD, for the months of December, January, and
February DJF in winter (in red), for the months of March, April, and May MAM in spring (in blue),
for the months of June, July, and August JJA in summer (in black), for the months of September,
October, and November SON in autumn (in green), from 2008 to 2015, in 1015molec.cm−2. Solid lines
represent the simulated NH3 VCDs whereas the dotted lines represent the observed NH3 IASI VCDs.
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Table 4. Eight-year trends of NH3 VCD simulated by CHIMERE-EMEP-colocIASI and observed by
IASI-V3R for different European countries, taking into account the months of March, April, and May
MAM in spring and the months of June, July, and August JJA in summer only. Trends with a p-value
equal or lower than 0.05 with change exceeding the uncertainty are shown in bold. Units are in %/yr.

CHIMERE-EMEP-coloc IASIin MAMJJA IASI-v3Rin MAMJJA

Entire domain +2.3 ± 1.4 (p = 4 × 10−3) +2.9 ± 2.6 (p = 0.042)
Spain +4.4 ± 2.2 (p = 2 × 10−4) +1.4 ± 2.7 (p = 0.32)

Germany +2.9 ± 2.0 (p = 4 × 10−3) +5.2 ± 4.3 (p = 0.033)
UK +0.7 ± 3.4 (p = 0.24) +1.1 ± 5.2 (p = 0.51)

France +1.6 ± 2.1 (p = 0.08) +3.2 ± 3.8 (p = 0.15)
Poland +2.8 ± 3.0 (p = 0.09) +6.0 ± 3.9 (p = 0.005)

Figure 8. Eight-year trends of NH3 VCD (a) simulated by CHIMERE-EMEP-colocIASI and
(b) observed by IASI-v3R observation, taking into account the months of March, April, and May in
spring and the months of June, July, and August in summer only. Pixels with insignificant trend, with
a p-value higher than 0.05, are shown with a cross symbol. Units are in %/yr.

The remaining differences about the significance and magnitude between the sim-
ulated and observed trends can have several possible explanations. It may be due to a
misrepresentation of the NH3 emission trends in the EMEP inventory. It may also be ex-
plained by a misrepresentation of the NOx and SOx emission trends in the EMEP inventory
and consequently of the NO2 and SO2 simulated VCD trends. Indeed, the NO2 and SO2
VCDs observed by the Monitoring Ozone Instrument (OMI) between 2008 and 2015 do not
show a decrease at the European scale in the study of Evangeliou et al. [53]. Over urban
areas in Western Europe, satellite observations from OMI confirm the drop in the simulated
CHIMERE NO2 tropospheric columns from 2008 to 2017 but OMI hardly show significant
negative trends over Central and Eastern Europe urban areas and over rural areas [54]. In
the framework of the EURODELTA multi-model experiment, the study of Ciarelli et al. [25]
investigated the capability of the models to reproduce observed long-term air quality
trends, at rural background EMEP stations, mainly located over Northern and Central
Europe. With emissions estimated using the Greenhouse gas Air Pollution Interactions and
Synergies (GAINS) model, they have shown that regional CTMs including CHIMERE tend
to overestimate the fraction of significantly decreasing NO2 trend compared to 25 EMEP
stations, for the period 2000-2010, while the SO2 trends seems to be better represented by
CHIMERE. Finally, it can be due to a misrepresentation of the ammonia phase partitioning
in the CHIMERE model, and warrant further investigation.

4. Conclusions

In this study, we have first analyzed the seasonal cycle in NH3 VCD simulated by
the CHIMERE regional CTM from 2008 to 2015 and we have confronted this seasonal-
ity against the IASI satellite observations. CHIMERE and IASI present seasonal cycles
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with maximum in spring, and minimum in winter. The spring maximum simulated by
CHIMERE, occurring in April due to the GENEMIS seasonal temporal profile used for the
temporalization of emissions, sometimes presents a 1-month gap compared to the IASI
observations. IASI often shows a strong peak in summer in addition to the spring peak,
whereas CHIMERE only shows a slight peak in summer some years. This result could point
to a misrepresentation of the temporal profile by GENEMIS, to missing emission sources
during summertime (e.g., from dairy cattle farming as identified by Marais et al. [43] over
UK), either due to more than expected fertilizer use or to increased volatilization under
warmer conditions.

Then, we have analyzed the recent trends in NH3 VCDs simulated by the CHIMERE
and we have performed sensitivity tests to assess the impact of meteorology, and of NH3,
NOx, and SOx emissions on these trends. Over the entire European domain, the simulated
NH3 VCDs show a significant positive trend of +2.7 ± 1.0%/yr. This simulated NH3
VCD increase at the European scale is confirmed by IASI-v3R satellite observations in
spring and summer, whenammonia emissions strongly contribute to the annual budget in
accordance with crop requirements. Nevertheless, there are remaining differences about
the significance and magnitude between the simulated and observed trends at the national
scale and it warrants further investigation.

Our simulations indicate that the simulated positive trends over Europeare mainly
due to (i) to the trends in NH3emissions and (ii) to the negative trends in NOx and SOx
emissions. The impact of reductions in NO2 and SO2 emissions on NH3 concentrations
should therefore be taken into account in future policies. The quantification of these
relative contributions would warrant further investigation. In addition,these conclusions
are dependent to the accuracy of the reported NOx, SOx, and NH3 emissions by countries
to EMEP/CEIP and their trends. For the development of efficient policies, the respective
impact of NOx and SO2 emission trends on NH3 levels should be further investigated.As
we have shown heterogeneous trends over Europe in the EMEP NH3 emissions with strong
disparities depending on the country, the procedures to calculate and report ammonia
emissions also warrant further investigation. This is critical for assessing reliability of
European mitigation strategies for air quality.
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