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Abstract Ammonia (NHs), whose main source in the troposphere is agriculture, is an important gaseous
precursor of atmospheric particulate matter (PM). We derived daily ammonia emissions using NH; total
columns measured from the Infrared Atmospheric Sounding Interferometer (IASI) on board Metop-A, at a
relatively high spatial resolution (grid cell of 0.5°x 0.5°). During the European spring haze episodes of 24-31
March 2012 and 8-15 March 2014, IASI reveals NH3 total column magnitudes highlighting higher NH3
emissions over central Europe (especially over Germany, Czech Republic, and eastern France) from the ones
provided by the European reference European Monitoring and Evaluation Programme inventory. These
ammonia emissions exhibit in addition a large day-to-day variability, certainly due to spreading practices. The
increase of NH3 emissions in the model, that reaches +300% locally, leads to an increase of both NH; and
PM, s surface concentrations and allows for a better comparison with independent measurements (in terms
of bias, root-mean-square error, and correlation). This study suggests that there are good prospects for better
quantifying NH3 emissions by atmospheric inversions.

1. Introduction

Since several years, particulate matter pollution events occur in late winter or early spring with PM;o
(particulate matter with an aerodynamic diameter less than 10 um) daily mean concentrations exceeding
the alert threshold of 80 g m~3 over large parts of Europe (i.e., in March 2012, April 2013, March 2014, and
March 2015). These specific spring events are often linked with favorable anticyclonic conditions and high
ammonium nitrate (NH4NOs) surface concentrations, suggesting the importance of gaseous precursor
emissions and in particular those of ammonia NHs [Erisman et al., 2008], whose main atmospheric source is
agriculture. The sensitivity of NH4NO5 formation with respect to precursor gases in air quality models crucially
depends on the correct simulation of precisely the precursor gases [Bessagnet et al., 2014; Petetin et al., 2015].
Despite this, ammonia is the most poorly monitored pollutant regulated by European directives for air quality
(e.g., no monitoring of NH3 in Air Quality Directive 2008/50/EC), for several reasons.

First, the measurement of this compound at the surface is challenging at relevant mixing ratios (<10 ppbv)
[von Bobutzki et al., 2010; Hertel et al., 2012], and only few countries maintain an operational network
(i.e., National Air Quality Monitoring Network (LML in Dutch) and the Measuring Ammonia in Nature
MAN in the Netherlands, National Ammonia Monitoring Network NAMN in UK). As a result, there is no
extended and operational measurement network for NHs at the European scale as for other air pollutants
(such as ozone, PM;q, and PM, 5) and international monitoring strategies are restricted to a few campaigns
[e.g., Flechard et al., 2011].

Second, quantification of NH3 emission fluxes with an inventory-based approach is subject to high uncertainty.
At the European scale, reference NH; emissions are provided in the European Monitoring and Evaluation
Programme (EMEP) inventory [Vestreng, 2003], using national annual declarations and applying emission
factors, the uncertainty of the latter being usually estimated between 100 and 300% [European Monitoring and
Evaluation Programme/European Environment Agency, 2009]. In addition, preprocessing of EMEP anthropogenic
emissions includes spatial regridding and temporal disaggregation [Menut et al,, 2012]: smooth seasonal, weekly,
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and hourly profiles are used to get hourly emissions from annual totals, but these time profiles are not
adapted to ammonia [Menut et al., 2012], for which a dynamical approach is required. Indeed, ammonia emis-
sions depend on a variety of physicochemical processes in the soil and the interface to the atmosphere
(leaching of fertilizer into the soil by rain, solubility as a function of pH, volatilization as a function of tempera-
ture, and wind), which in turn depend on meteorological conditions and soil properties as well as on agricul-
tural practices [Skjath et al., 2011; Hamaoui-Laguel et al., 2014]. These ammonia agricultural sources fall into
two main categories: animal husbandry and manure/fertilizer spreading, the first one accounting for more
than 80% of European NHs emissions [Hutchings et al., 2009]. Even with a lower contribution to the annual
total of European NHs emissions, spreading emissions are still critical and are of particular interest, as they
are enhanced over small time periods, especially during a few weeks at the end of winter or in early spring.
For example, 90% of the mineral fertilizer is applied over Danish winter wheat in spring, when growth starts
[Skjeth et al., 2004]. However, the exact timing of fertilizer spreading is difficult to predict, as it also depends
on agricultural practices and meteorological conditions, and is therefore not taken into account in the
temporal disaggregation of the existing emission inventories.

Several studies aimed at improving these ammonia inventories, by developing more detailed emission mod-
els taking into account among others exact location of farm houses, number of livestock, fertilization rates,
and dates of spreading (e.g., for Denmark [Skjoth et al., 2004], for UK [Hellsten et al., 2008], and for France
[Hamaoui-Laguel et al., 2014]). Remaining limitations come from the fact that detailed agricultural data (i)
are not publicly available due to confidentiality, (ii) are not available in most of the European countries,
and (iii) do not exist for all years (e.g., French data are only available every 6 years [AGRESTE, Service Central
d’Enquétes et d’Ftudes Statistiques, 2006]).

In this context, and as an alternative to direct emission modeling, attempts have been made to develop com-
plementary inverse approaches, in order to deduce NH3 emissions from satellite observations. Zhu et al.
[2013] have first considered the potential of the Tropospheric Emission Spectrometer (TES) instrument to
constrain monthly ammonia emissions for the U.S. Here we take advantage of the high spatial and temporal
coverage of NHj; distributions offered by the Infrared Atmospheric Sounding Interferometer (IASI) instrument
[Clarisse et al., 2009] to derive European NH3 emissions with a better resolution (grid cell of 0.5°x 0.5, at a daily
scale). One of the objectives is the quantification of NH3 emissions due to spreading practices at the European
scale. To evaluate the impact of agricultural NH; emissions on particulate matter, we have focused our efforts
on two representative spring particle pollution events: 24-31 March 2012 and 8-15 March 2014. For example,
station JonvilleenWoevre located over agricultural region in East of France showed peak PM2.5 values in the range
of 40-60 pg m > each March over 2011-2015 (www.prevair.org; www.air-lorraine.org), which is comparable to the
two examples shown here.

2. Data Set/Tools
2.1. Chemistry Transport Model CHIMERE for Air Quality Assessment

The chemistry transport model (CTM) used in this study to simulate hourly concentrations for a large set of
pollutants is the regional model CHIMERE version 2013a [Menut et al., 2013]. This model is driven by the
European Centre for Medium-Range Weather Forecasts global meteorological fields. The horizontal resolution
is given as follows: 0.5° x 0.5° over 14°W/25.5°E-35°N/58°N. The vertical grid contains 17 layers from surface to
200 hPa. Given a set of NH3, NO,, SO,, volatile organic compounds, and CO emissions, CHIMERE calculates the
concentrations of 28 gas phase and 16 aerosol species [Menut et al,, 2013], including NHs. For inorganic species,
aerosol thermodynamic equilibrium is achieved using the ISORROPIA model [Nenes et al.,, 1999]. Two sets of
simulations have been performed with CHIMERE: one with NHs-EMEP reference emissions (as seen in
Figure 1a) and the second with NH3-SAT emissions deduced from IASI observations. In order to have a sufficient
spin-up for PM, 5 concentrations to build-up and to allow meaningful evaluation of NH3 concentrations against
weekly German sites (in March 2014), as described in the following, runs were performed from 18 to 31 March
2012 and from 1 to 19 March 2014.

2.2. IASI NH3 Total Columns

As part of Metop-A, the IASI instrument has been flying on a low Sun-synchronous polar orbit since October
2006, with equator crossing times of 09:30 and 21:30 LST [Clerbaux et al., 2009]. The algorithm used to retrieve
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a) EMEP emissions

b) IASI, Week 24th to 31st March 2012

c) IASI, Week 8th to 15th March 2014
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Figure 1. (a) Mean weekly EMEP NHs reference emissions at 10:00 LST from 24 to 31 March 2012 and from 8 to 15 March
2014, in 10" molecules cm 2 s~ . 1ASI NH3 weekly mean (in 10" molecules cm™2) (b) from 24 to 31 March 2012 and
(c) from 8 to 15 March 2014. IASI land pixels are averaged into super-observations at the 0.5° x 0.5° spatial resolution.

NHs3 columns from the radiance spectra is described in Van Damme et al. [2014a]. In this study, we only
consider land measurements from the morning overpass, which were recently evaluated against surface
measurements and aircraft campaigns [Van Damme et al., 2015a] and which are generally more sensitive
to NH;3 because of higher thermal contrast [Van Damme et al., 2014a]. The potential of IASI to provide
information at high temporal resolution, up to daily scale, is sometimes hampered by (i) the cloud coverage
as only observations with a cloud coverage lower than 25% are processed and (ii) large retrieval errors,
which are driven by low thermal contrast and/or low amounts of NH3 [Van Damme et al., 2014a]. Here
IASI total columns are averaged into “super-observations” (average of all IASI data within the 0.5°x0.5°
resolution of CHIMERE). It is important to note that we applied a sharp selection to the IASI super-
observations: to assure the robustness of the IASI signal, we only selected IASI pixels for which the retrieval
error does not exceed 50%. The numbers of selected IASI super-observations is presented in Table S1 in the
supporting information.

3. Case Study of the March 2012 and of March 2014 Pollution Episodes

From 24 to 31 March 2012 and from 8 to 15 March 2014, widespread particulate matter pollution episodes
affected Northwestern Europe. During both periods, extreme PM; s concentrations were observed in
Belgium and in eastern France where several measurements from the air quality database system of
the European Environmental Agency AirBase exceeded 100 ugm . These pollution events were asso-
ciated with (i) no precipitation over almost all of Europe leading to an absence of wet deposition, (ii) cold
nights conducive to thermal inversions that hampered pollution dispersion, and (iii) highly stable and low
northeasterly winds (wind speed of 15 km/h at maximum over land, all over Europe). During these weeks
and thanks to favorable meteorological conditions, IASI offers reliable daily measurements. These show
strong day-to-day variability, highly correlated to daily PM, 5 surface observations (mean spatiotemporal
correlation r=0.75 over Belgium; r=0.79 over the French region Champagne-Ardennes from 8 to 15
March 2014, not shown).

The highest EMEP emissions are located over four regions (the Netherlands, the Po and the Ebro Valleys,
and the French region Brittany, see Figure 1a), known as major European animal husbandry sources
[Van Damme et al., 2014b]. In contrast and as seen in Figures 1b and 1c, IASI land super-observations for
the two concerned episodes reveal high NH3 levels over central Europe (particularly over Germany and east
of France and also over Poland, Czech Republic, etc.). Such a specific spatial distribution over agricultural
regions combined with a high day-to-day variability suggests NH; due to punctual spreading practices that
are not represented in the EMEP inventory. We then used a typical method to relate IASI NH; total columns to
NHj; surface emissions, assuming that transport to neighboring cells is negligible. A sensitivity test, showing
that NH3 columns are by far largest in the grid box corresponding to emissions (70% of NH3 columns, at least,
are from the grid box corresponding to the emissions), and strong correlations between total columns
and emissions (often higher than 0.6, as seen in Tables S2 and S3 and in Figure S3), confirm the robustness
of our method during the studied periods. The detailed description and evaluation of such method can be
found in the supporting information. The resulting emissions are referred to NH3-SAT emissions in
the following.
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Figure 2. Mean weekly relative differences of (a) NH3-SAT emissions compared to EMEP, (b) ammonia concentrations
simulated using NH3-SAT against EMEP emissions, (c) ammonium nitrate concentrations simulated using NH3-SAT against
EMEP emissions, and (d) PM, 5 concentrations simulated using NH3-SAT against EMEP emissions. (top) From 24 to 31 March
2012 and (bottom) from 8 to 15 March 2014. Units in percent.

4, Results

4.1. Redistribution of European NH; Emissions

Figure 2a displays the relative difference of NH3-SAT emissions deduced from IASI from 18 to 31 March 2012
and from 8 to 15 March 2014 compared to EMEP. The emissions constrained with IASI reveal additional
emissions over central Europe, especially over Germany and east of France, and to a lesser extent over eastern
Europe, especially over Poland and Czech Republic. As an example, high NH5-SAT emissions, increased by
300% compared to EMEP at the grid cell scale, are deduced from IASI in the Magdeburg area in
Germany (see Figure S4, on 24, 26, and 28 March 2012 and on 8, 11, 13, and 14 March 2014), known for
its high level production of beet sugar and wheat. Over Czech Republic, large increases of emissions
are seen for 25 and 26 March 2012 and for 8 and 14 March 2014. Over eastern France, the increase of
emissions is particularly seen for 25, 27, and 28 March 2012 and for 12 March 2014 (see Figure S4).

This new NH3 spatial distribution of emissions is in qualitative agreement with recently published studies.
The high values over east of France are consistent with the model study of Hamaoui-Laguel et al. [2014]
and their improved representation of NH3 emissions due to mineral fertilizer spreading for France, which
are particularly due to wheat, barley, sugar beet, and wine cultures in the two first weeks of March
[AGRESTE, Service Central d’Enquétes et d’Etudes Statistiques, 2006]. Hamaoui-Laguel et al. [2014] indeed
found an emission increase over the French region Champagne-Ardennes with respect to EMEP from
February to April 2007. The NHs-SAT emission pattern over Germany is consistent with the dynamic
spring emissions of Danish Eulerian Hemispheric Model of Skjgth et al. [2011], the latter being driven
by manure and fertilizer applications.

Finally, it should be noted that we also found that emissions decrease over some regions, as over the Po
Valley (on 24 and 26-29 March 2012 and on 13 and 14 March 2014, see Figure S4), being consistent with
Van Damme et al. [2014b] and their comparison between IASI and the LOTOS-EUROS model and over western
France, being in agreement with Hamaoui-Laguel et al. [2014].

4.2. Improvement of Simulated NH3 Surface Concentrations Using I1ASI-Derived Emissions

The evaluation of NH3-SAT emissions is done for March 2014 with the available NH; measurements listed in
Table S4. To evaluate the NH3-SAT emissions and their significant impact on NH3 concentrations (see Figure 2b),
we compared model simulations with independent NHs measurements. As strong changes were obtained
over Germany, we made the evaluation against weekly NH; Mini-Denuder measurements for six German
EMEP sites (Table 1). Except for the mountainous Schauinsland station, weekly NH; concentrations simulated
with NH3-SAT emissions are higher than the ones simulated with EMEP. The highest improvements are seen
at stations Schmuecke and Waldhof (bias reduction of, respectively, 95% and 34%) located over agricultural
regions. However, at mountainous station Schauinsland or at coastal stations Westerland or Zingst, the
improvement is small (bias reduction of, respectively, 10, 5, and 4%) and NHs-SAT emissions still lead to
insufficient NH3 concentrations levels. The main reason could certainly be the sharp selection of IASI data
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Table 1. Statistical Comparison of Observed and Modeled NH3 Concentrations Using Both EMEP and NH3-SAT Emissions,
in ug m ™3, at Six German Sites, Two Czech Stations, and One Dutch Station®

With EMEP With NH3-SAT
Network Site Period Obs Modeled Bias RMSE R Modeled  Bias RMSE R
German Westerland Week 2.8 0.8 2.0 - - 0.9 1.9 - -
EMEP Schauinsland Week 34 53 1.9 - - 5.1 1.7 - -
Neuglobsow Week 2.6 1.5 1.1 - - 1.7 0.9 - -
Zingst Week 43 1.7 26 - - 1.8 2.5 - -
Schmuecke Week 3.6 1.8 1.8 - - 3.7 0.1 - -
Waldhof Week 5.4 19 35 - - 3.1 23 - -
Czech Ustecky week 53 0.9 4.7 5.5 0.0 24 3.8 4.8 0.3
8th 53 03 5.0 53 0.7 4.8 0.5 2.5 0.8
14th 7.6 1.6 6.5 74 0.0 8.0 0.4 4.7 0.5
Pardubice week 6.7 0.8 59 6.3 0.3 2.0 4.7 5.7 04
8th 6.4 03 6.0 6.4 0.8 4.4 2.0 2.8 0.8
14th 9.3 1.5 7.8 8.1 0.0 7.8 1.3 6.0 0.0
MLM Vredepeel- week 44.5 83 36.2 43.2 0.2 94 35.0 423 0.2
Vredeweg(131) 14th 50.6 7.9 42.7 433 0.7 18.9 31.7 323 0.8

@As the selected IASI super-observations provide information to deduce NH3-SAT emissions only on these particular
days over Czech Republic (see Figure 2), the evaluation is performed on 8 and 14 March 2014. Similarly, the evaluation is
done for 14 March 2014 at Vredepeel-Vredeweg. The use of NH3-SAT emissions improves the comparison with surface
measurements at all sites (results highlighted in bold).

with uncertainty lower than 50%, which particularly provide information over agricultural regions, of interest
here, during this particular week (see Figure 2a). Then, this criterion of low error does not allow IASI to
constrain the emissions over mountainous or coastal regions.

This could also be explained, to a lesser extent, by a misrepresentation of deposition. Indeed, the parameter-
ization of NH3 dry deposition is unidirectional in our model, as most of the models in the world, whereas ide-
ally it should be bidirectional [Sutton et al., 2007]. Wichink Kruit et al. [2012] include a bidirectional air-surface
atmosphere exchange, using a compensation point for vegetation and also for water, in their regional chem-
istry transport model LOTOS-EUROS. This new parameterization increases their modeled European ammonia
concentrations almost everywhere, and particularly over agricultural source areas (increase of about 20-40%)
and over coastal regions (increase of at least 80%). Nevertheless, their comparison with IASI still leads to simi-
lar results as those presented here (see section 4.1). Moreover, the impact of such air-surface exchange on
NH;3 concentrations could be contradictory (decrease of NH3 emissions in the Northern Hemisphere modeled
by Zhu et al. [2015] when the inclusion of a compensation point for vegetation is included in the Goddard
Earth Observing System-Chemistry (GEOS-Chem) global CTM). Thus, further work needs to be done to better
investigate the sensitivity of NH3 concentrations to the deposition.

An evaluation is also performed with hourly NH3 measurements from Ustecky and Pardubice stations in Czech
Republic for 8 and 14 March 2014 and from Vredepeel-Vredeweg in the Netherlands for 14 (Table 1), when
NHs-SAT emissions are changed compared to the EMEP ones (see Figures S4 and S5). All the statistic indicators
are improved with NH3-SAT emissions for both stations. At Ustecky, on 8 March, mean bias is reduced from 5.0 to
0.5 ug m—>. At Vredepeel-Vredeweg, on 14 March, mean bias is reduced from 42.7 to 32.7 pg m™>. Moreover, and
even if the diurnal temporal profile of NHs emissions is not changed (as seen in Figure S5a), the mean spatiotem-
poral correlation between simulated and measured NH3 concentrations is also improved with NH3-SAT emissions
(r=0.5 against r=0.0 with EMEP at Ustecky, r=0.8 against r=0.7 with EMEP at Vredepeel-Vredeweg on 14).

Increase of NH3-SAT emissions, leading to an increase and to a diurnal redistribution of NH3 concentrations,
conducts to significant improvements of the comparison with surface measurements over Germany, Czech
Republic, and the Netherlands.

4.3. Improvement of Simulated Ammonium, Nitrate, and PM, 5 Concentrations Using IASI-Derived
Emissions

As NHs plays a decisive role in the chemical formation of particulate matter, we analyzed the impact of a
redistribution of NH3; emissions on ammonium, nitrate, and PM, s surface concentrations. Figure 2d
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Figure 3. Ratios of mean bias and mean RMSE between PM, 5 concentrations simulated by CHIMERE using EMEP or NH3-SAT
emissions and PM; 5 AirBase measurements calculated as in equation (1) for (a) 24 to 31 March 2012 and (b) 8 to 15 March
2014. All ratios lower than 1, in blue, demonstrate that NH3-SAT emissions improve the simulation compared to the EMEP
simulation.

displays the relative differences between PM, 5 concentrations simulated by CHIMERE using EMEP and using
NHs-SAT emissions from 18 to 31 March 2012 and from 8 to 15 March 2014. Due to the increase of NH3-SAT
concentrations and consecutive, of ammonium nitrate concentrations (see Figures 2c and S6), PM, s concen-
trations can increase locally by about 30% over central Europe (see daily evolution in Figure S7).

First, we checked if the updated daily nitrate (pNO3 ™) and ammonium (pNH,*) surface levels better fit the
observations from Revin station in eastern France from 8 to 15 March 2014 (Table S5), one of the only avail-
able station providing speciation measurements in our regions of interest (Germany and east of France).
Consistently with the evaluation of NH3 concentrations (of section 4.2), nitrate and ammonium concentra-
tions are underestimated in the both simulations (with EMEP and with NH3-SAT). As NHs-SAT emissions are
only slightly modified in Revin, it has a low impact on nitrate and ammonium concentrations. Nevertheless,
the daily biases are still reduced by around 10% with the use of NH3-SAT emissions (excepted on 12 March
2014, with a bias reduction of 18%).

We then compared simulations using EMEP and NH3-SAT emissions respectively with AirBase surface PM; 5
measurements with all types of stations (i.e., urban, rural, etc.). Mean weekly ratios from 24 to 31 March
20712and from8 to 15 March 2014 at the grid cell scale, displayed in Figure 3, are calculated as:

Z |PMysobservations — model(withNH; — SATemissions)|

Ratio =
Z |PM,sobservations — model(withEMEPemissions)|

M

It can be noticed that mean weekly bias and RMSE are significantly improved. All ratios being lower than 1
(in blue), it demonstrates that the use of NH3-SAT emissions improves the simulation compared to the EMEP
simulation. It can thus be concluded that mean weekly bias and RMSE are significantly improved, particularly
over Germany, Belgium, and east of France. It is worth stressing that the modeled surface concentrations
obtained with the updated emissions still present negative biases compared to the independent measurements.
This underestimation of PM, s-simulated concentrations is a common feature of various models (CHIMERE,
EMEP, and LOTOS-EUROS) [Hamaoui-Laguel et al.,, 2014; Bessagnet et al, 2014] and can be attributed to the
underestimation of ammonium nitrate concentrations and also to factors other than ammonia emissions, such
as underestimation of primary particulate matter emissions and possible misrepresentation in the modeling of
aerosol formation.
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Finally, the hourly correlation of PM, 5 surface concentrations is slightly improved with NH5-SAT emissions for
a large set of stations. As an example for the northeastern French stations where maximum PM, 5 concentra-
tions were observed, the mean spatiotemporal correlation is increased by about 3% (respectively, r=0.8
against r=0.7 with EMEP). These results demonstrate the capability of IASI to provide useful information
about NHs emissions at a high spatiotemporal resolution and comfort preliminary observations of large
spring NH3 emissions over central Europe.

5. Discussion and Conclusions

We report here on satellite derivation of daily ammonia emissions during the particulate matter pollution
event of March 2012 and March 2014, using IASI total columns and the chemistry transport model
CHIMERE. This emission inversion approach is based here on (i) relationships between NH; surface emissions
and total columns for low wind speed events and (ii) IASI NH3 super-observations and associated retrieval
error lower than 50%. This current method has some limitations due to the assumption on weak transport
from cell to cell. To extend it to a broader number of situations, accounting for transport out of grid cell is
necessary for which variational inversion methods are well suited. These methods also allow the inclusion
of a weighting procedure between a priori emissions and observations, by considering their respective errors
(and therefore considering all IASI observations).

To our knowledge, this is the first time that satellite measurements of atmospheric ammonia are used to
deduce daily NH; emissions due to agricultural practices. IASI reveals highly variable NH; emission distribu-
tions certainly due to fertilizer spreading occurring mainly over Germany and eastern France. These could dif-
fer with respect to the monthly mean a priori emissions by a factor up to 3, with most of the time increases
diagnosed. Given the rather coarse model resolution (50 km in the horizontal, first model layer at about 40 m
height), diagnosed emissions can be considered as net emissions, taking into account deposition very close
to emissions sources. It is indeed net emissions, which need to be used as an input of continental scale air
quality models. Use of satellite-derived NH; emissions improved the comparison with independent NH3
surface measurements. Updating of NH3 emissions also significantly impacts and mostly increases PM; 5
concentrations, up to +30%. This shows (i) the need for accurate agricultural NH3 emissions, highly contribut-
ing to premature mortality in Europe and also in eastern USA, Russia, and East Asia [Lelieveld et al., 2015] and
(i) the considerable potential of IASI space-based NHs global distributions [Van Damme et al., 2015b] to
efficiently model and forecast particulate pollution episodes over these regions.
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