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Abstract

Megacities can experience hidgrvels of fineparticulate matter(PM.s) pollution linked to ammonia
(NH:) mainly emitted from agricultural activities. Here, wmvestigatesuch pollution inthe cities of
Paris, Mexico and Toronteach ofwhich havedistinct emission sources, agricultural regulatipasd
topography Tenyears ofmeasurementsfrom the Infrared Atmospheric Sounding Interferometer
(IAS) are used to assede spatiotemporal NH variability overandaround thethree cities

In Europeand North Americawe determinethat temperatureis associated witthe increase ilNH
atmospheric concentrationwith coefficientof determination(r?) of 0.8 over agriculturalareas The
variety of the NH sources (industry and agricultural) and the weaker pemature seasonal cycle in
southern North Americanduce a lower correlation factor (r2 = 0.9)he three regions are subject to
long range transprt of NHs, asshown using HYSPLIT cluster baajectories. The highest N
concentrations measured at the city scales are associaitdair masses coming from the surrounding
and north-northeast regions of Paris, the soutlsouthwest areas of Toronto, and the
southeast/southweszonesof Mexico City

Using NBHland PM s measurements derived from IASI and surface observations from 2008 # 201
annually frequentpollution events are identified in thehree cities. Wind roses reveal statistical
patterns during these pollution events with dominant northeastuthwest directions in Paris and
Mexico Aty, and the transboundary transport of pollutants from the Uni8thtes in TorontoTo
check how well chemistry transport models perform during pollutionnésewe evaluatesimulations
made usingthe GEOSChem model for Marchi2011 In these simulations we find thallHs
concentrations areverallunderestimatedthough day-to-day variability isvell represented. PMls is
generallyunderestimated oveParis and Mexicdut overestimatedver Toronto.
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1. Introduction

Paris Toronto, and Mexico Cityare cities with over2 million inhabitants. When their larger
metropolitan regions are included, their populations are 10.5 million for Paris (the mostqaesparea

in the European Unionp.5 million for Toronto (the fourth most populous city in North Amerimad)

9.2 million for Mexico Citymost populouscity in North America These citiegypically experience
strong particulate matter (PM) pollutioepisodes. Exposure to such particles is harmful to humans and
can lead to cardiovascular and respiratory disedsksray et al., 202Q]

I £ NBHS LINPLRNIAZ2Y 2F GKS LI NIGAOEtSAaQ O02YLRaAGAZ2)
from ammonia (Nk) [Behera et al., 2013kleased in the atmosphere from e.dertilizer spreading

practices andooth transported to cities reducingthe quality ofurban air [Pope et al., 2009]. The
agricultural sector represent84%, 90%and 94%of total NH emissions in France [CITEPA, 2018],

Canada [ECCC, 2017] avexico[INECC and SEMARN201§, respectively. Nkis the most poorly

understood precursor of PMM 6t a GAGK | RAFYSGSNI fSaa GKFYy H
measurements are difficulfvon Bobwutzki et al.,, 201]) sparse and due to low ambient NH;
concentrations and episodic emissiond/orldwide, aly five countries (United States, China,
Netherlands, United Kingdom, and Canajlahave included routine measurementsof NH;
concentrationdgn their air quality monitoring networks [Nair and Yu, 2020].

NH emissionsare associated withvery high uncertainties in all inventories (186% to 294%
uncertainties in EDGAR [McDuffie et al., 2028n Damme et al., 20])8due to uncertainties in the
reporting of agricultural statistics and emission factors that depend on individual agricultural practices,
biological processes, and environmental conditions [Paulot et al., 20d4gl]well as political
disturbances and lardse change [Abeed et al., 202The evaporation of NHn the atmosphere, as

well as its transformation into particulate matter, is highly dependent on the thermodynamic
conditions of the atmosphere [Sutton et al., 2018] these parameters account for the complexity of
reproducingNH; concentrations in atmospheric models, predicting the associBtdgs pollution, and,
ultimately, implementing relevant regulations to reduce its emissions.

Given the crucial role that NHplays in environmental and public health problems, reducing its
emissions will therefore be a major challengggwever, Nklconcentrations are increasing in many
countries: France, Canada and Mexico reported increab@4 + 124 16.4 + 8% and8.4 £ 5.2 %
between 2008 and 201&spectively [Van Damme et al., 202These trends are likely explained by
increasing emissions, partly due to increased temperature (Europe) and biomass burning (Canada).
However, decreasing concentrations of nitrogen and sulfur oxides e.g. in Europe and China also
increase the ammonia atnspheric lifetime and plays a role in the reported upward trends.

In ParisPM. s are composeaf organic matter (3847 %), nitrate (1722 %), norseasalt sulfate (18

16 %), ammonium (12 %), and to ainor extend with elemental carbon, imeral dust (25 %) and
sea salt [Bressi et al., 2018).springtime it has been shown that Nhplays a significant role in Pp4
pollution episodes [Viatte et al., 2024iit longterm observations are needed to properly evaluate the
impactof NH to PM s formation.

In Toronto, secondary nitrate formedom nitric acids NQO) and NH accourt for 36% of the Pis
sources [Lee et al., 200a8hd anmonium nitrate and sulfate accounted for -30% of annual P4
mass over the 14ear periodoetween 2006 and 2014¢ong et al., 2030There is a neetbr a higher
number of surface observatiorte evaluate the NEPM; s relationship and its evolution over time
[Larios et al., 2018]
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In Mexico, PMsconcentrations often exceed theationalstandard of41 pg/n? for the 24hour mean
[NOM-025-SSA12021, 2021] Secondary inorganic aerosols account for 30% of the chemical
composition of PMls, which are dominated by ammonium sulfate with an average of 14% [Vega et al.,
2010].A betterunderstandng of the particulate pollutants processeslitexico isstill neededOjeda
Castillo et al., 2019].

Toassesshe role of NHin the formation of particulate matterthe AmmonAQ (Ammonia air quality)
project was designed tquantify NH spatiotemporal varabilities in regional domains around tbe
three cities The main objective of this project is tletermine the impact of intensive agricultural
practices on NEand urban air quiity, with a focus on Parig,orontoand Mexicoas benchmark case
studies.A schematic representation of the AmmonA@ject and the domaisof studyare shown in
Figure 1The secalleddéEuropé, dNorth Americ, | Y Routhiern North Americadomains represent
the extended area with NHsources that can impact on the Paris, Tt and Mexico cities air
composition The three cities are investigated with the use of different datasets: satellite
measurements and model simulation data, and surface measurements when available (see section 2).

These citieshave been chosen as thedus of this study because of the availability of;ldhid PM s
measurements. These three cities diffarterms of:

1. The regulation of NElemissionsFrench policies aim to reduce démissions by 13% in 2030
relative to 2005 [CEIP, 2016] following EU ratification of the Gothenburg Protocol in 2017,
whereas in Canada and Mexico there are no federal regulations feemNidsions yet [Bittman
et al., 201T,

2. Agricultural practices affeaty NH emissionsdiffer in each region asarmers depend on
meteorological conditionfor fertilizer use

3. Meteorologicalclimate conditionsare very different in each of the regiordrier winter and
wetter summer in Toronto compared to Paris, and weakdsi and strong temperature
inversions m Mexicocity. Thisinfluenes the NH lifetime and chemistryleadingto the
formation of PM; 5,

4. Topography Toronto is adjacent to Lake Ontario, Paris is inland, and Meiticas a basin
surrounded by mountaind his willimpactthe trajectories of air masses.
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Figure 1: schematic representation of the AmmonAQ projdpper panel: the three study regions investigated
(in blue rectangles).ower panelpresentation of each city and regional domain alifferent datasets used.
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2. Methodology

2.1. NHs observations derived from |ASI

The Infrared Atmospheric Sounding Interferometer (IASI) was launched onboartétep-A/B/C
satellites in 2006, 2012, and 2018, respectively [Clerbaak &009]. IASI vides twice dailyotal
columnmeasurements of Niglobally at 9:30 and 21:30 local solar tinwith its polar orbit and a
swath of 200km, IASI pixel size is kéh in diameter at nadir. In this work, we use version 3 of the
ANNINH; product [Van Damme et al., 2021; Guo et al., 202dm IASIMetop-A/B morning
overpasse®ver the period2008 to 2017gridded a spatial resolution of 0.2% 0.25° The detection
limit depends both orthe atmospheric state (mainly thermal contrast and Nthundarce) and the
instrument characteristics. For IAShe minimum detection limit is found to be -@x10°
molecules/cm[Clarisseet al., 2010].

2.2. PMys dataset derived from surface network measurements

To study local scale RMpollution events in the Paris, Toronto, and Mexico cities, Pdlbservations
of surfaceconcentrations from 2008 to 201ate used.

For Paris, weise hourly observations of Pl concentrations derived from fourteen stations of the
Airparif network https://data-airparifasso.opendata.arcgis.coi/For Toronto, we analyzbourly
PMs observations derived from elevestations supported by he Ministry of the Environment,
Conservation and Park®f Ontario http://www.airqualityontario.com/). For Mexico, Pk
concentrations are derived fro7 stations of the Red Autoética de Monitoreo Atmogrico (RAMA,
http://www.aire.cdmx.gob.mx/default.php?opc=%27aKBh%a&twork.

All these stations are locatedithin acircle of50-kmradius aroundhe city centers oParis, Toronto,
and Mexico City

2.3. NHs and PM s from the GEOSChem model

We generate rodeloutputsfor March of 201Ibecause alihree cities experiencethoth separate and
combinedPM,sand NH pollution events during this periodVe use version 12.7.2 of th6&6EOSChem
chemical transport modgBey et al., 2001driven bythe MERRA reanalysis produgincluding nested
domains over Europe and North America@t5°x0.625°horizontal resolutiorfrom which we extract
modeledsurface values for each citBowndary conditions for these two nested domains are created
using a global simulation for the same month a&k2°5° resolutionOutput for the analyzed month of
March includes monthly means, as well as hourly means for seleéagnostics, and is precedéy
two months of discarded mode$pinuptime for the global simulation, and one month for each nested
run. Anthropogenic emissions are taken primarily from the global Community Emissions Data System
(CEDS) inventorjHoesly et al., 2018]with regionalemissions from the 2011 National Emissions
Inventory produced by the US EPA (NEI2@&Ed to override global values over the United States.
Biogenic noragricultural ammonia, as well as ocean ammonia sources, are takentfi@rGlobal
Emission Inventoried\ctivities database (GEIfABouwman et al., 199Y]Open fire emissions are
generated using the GFED g ifiwventory[Randerson et al., 20173ulfatenitrate-ammonium aerosol
processes are calculated usivgrsion 2.2 of the ISORROPIA thermodynamic mdéalentoukis and
Nenes, 2007]Black carbon is hatetl as described in Wang et §014), while secondary organic
aerosol is produced using the simplified irreversible schdesribed in Pai et a(2020).

2.4. Backtrajectories analysis from the HYSPLIT model
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To determine theeffect of longrange transportaffecting thelocal air quality of the three cities, we
usethe Hybrid SingldParticle Lagrangian Integrated Trajectory model (HYSPLIT, [Stein et al., 2015])
Note that unlike the GEOShem model, HYSPLIT does not include atmospheric cherfistiye runs,
meteorological data are from the Nation@lenters for Environmental PredictighNCEP/ National
Center for Atmospheric Resear@WCARreanalysisat 2.5-degreegloballatitude-longitude projection

Note that results using a finer meteorological dataset (GDAS at 1° resolution) show no significant
differencesFirst,werun daily24-hour backtrajectories ending in the citgenters at the overpass time

of the IASlinstrumentcovering the perio®008 to 2017 Then, for each daye calculatethe mean of

NHs total columnsderived from IASbbservationsn a50-km radius circle around thetiesassociated

with eachbacktrajectory. Finally,all backtrajectoriesthat are near to each other are mergeaa
clustersand associate with the correspondindocalscalelASINH: concentrations.

2.5. ERA5 meteorological data

The meteorological variables uséd this studyare extracted from thehourly9 / a2 CQa
(ERA5,Hersbach et al., 2020 ERAS data are at 0.25° x 0.25° resolution (native horizontal resolution
of ERAS is ~31km) and are interpolated in time anadspa the IASI observatiomhemeteorological
parameters considerellereare the skin temperature (Tskirwhich is the physical temperature of the
Earth's surfack total precipitation (in meter of water equivalentaccumulated liquid and frozen
water, comprising rain and snovy and relative humidity up to 2 meters above the surfaeéculated
from dew and air temperature at 2rftom ERAS

3. Results

NEBF YL e

3.1.NHs source regions identification and spatitemporal variability over theEurope, North
Americg and southern North Americalomains

Using 16years of IASI observationie main sourceregionsof NH; in the 3 domais of studyare
identified (Figure 2andlistedin Table 1We identify 10, 9, and 18H; source regions ovehe Europe,
North America, andouthern North Americaegions, respectivelyAll of thesources over theEurope,
North Americadomainsare mostlyrelated to agricultural practices (farming and spreading practices)
Thisis in agreement with previousalalation of worldwide nitrogen irputs fromfertilizerand manure
[Potter et al., 201Q] AroundsouthernNorth Americathree sources are related to fertilizer or soda
ash industries (listed with C, G, O in Figure 2 and Thi¥an Damme et al., 2013 the rest is

agricultural

1000

250 500 km)

1000 250 500 km

1000

250 500 km

molecules/cm?)  x10

NH, (

Figure2: Sourceegionidentification of NHderived from 10 years average of IASI total columns (oubés/cm?)

from 2008 to 2017 The blue crosses indicate Paris, Toronto, and Meeti@slocations.
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Spatietemporal variabilities of NfHn the atmosphere ithe three regions (Figure 2) are not expected

to be similar: NElemissions from industries in the regionsduthern North Americare released all

year long, whereas NHmissions from agricultural practicéshich are dominanover Europeand

North Americg, depend on various surface and meteorological conditions. In order to investigate this,
NH; concentrations usin@0-years of IASI observations are assessed against atmospheric temperature
and precipitation derived from the ERAS reanalysis overthinee domainsin Figure 3. It shows the
seasonal evolution of NHrom IASI over the three regions (left panel), along with the seasonal
evolution of temperature and precipitation (right panel).

Table 1: List of N¢$ource region&dentified usinglO-years average of IASI total columns (molecules/cmz2) over
the Europe, North America, and southern North Ameragions.

Europe North America Southern North America
[41°59°N; -11.25- 16.25E] [35°53°N; 93.75%63.75°W] [9°-29°N; 113.75-86.25°W]
A TheNorth-European plait? A Granby(Canada) A Obregon (Mexicg)
B Saxe Anhalt plain (Germany) B I(E(I:r;l]r:(;;tchenerGuelph B  Torreon (Mexicd)?
C Munich- Mangfall (Germany) C Brillion area(U.SA) C Garcia (Mexico)**
D ChampagnéirdennegqFrance) D NewYork statgU.SA) D Culiacancito (Mexicé}
E BretanyPays de la Loire (Frange) E Lancaster countfJ.SA) E Nayarit (Mexico)
F Po Valley (ltalyy F Wayne countf{U.SA) F  JalostotittanSan Juan de Los Lagos (Mexito)
G Valleyof piedmont (ltaly}? G CelinaColdwater(U.SA)! G Salamancg Villagran (Mexico)*
H Landes area (France) H gngg:&/ﬁ:;u\_/gg?{ H Ezequiel Montes (Mexict)
I Vic- Manlleu (Spairty I Lenoir CountfU.SA) | Tampaon, LomAlta (Mexico)
J Ebro river bassin (Spat?) J  Tecoman (Mexico)
K Coyuca de Catalan (Mexico)
L  Morelos (Mexico)
M  TochtepeeTehuacan (Mexicé)
N  South of Veracruz (Mexico)
O Cosolaecaque (Mexicd)*
P Tabasco (Mexico)
Q Guerrero (Mexico)
R  Chisec (Guatemala)
S Texcuaco (Guatemala)

*Fertilizer industry ** Soda ash industry
1Van Damme et al., 2018; Clarisse et al., 2019
2Dammers et al., 2019

ForEurope and North AmericdNH total columns are the highesh springand summerin fact, NH
concentrations over Europe exhibit two seasonal maxima in March/April and July/August
(supplementary materialFigure S1) anth North Americathe maximaare in May and September
(Figure S2)This is consistent with agricultural practices (i.e. fediliapplicatior) and higher air
temperature favoring Nklvolatilization in the atmosphere.

The right panel of Figure 3 shows how temperature (megls) and precipitation (blubarsg seasonally
evolve over the three regions. In winter, atmospheric temperatures are below FEiopeandNorth
America and IASI observations reveal almost ng Nét spots (left panel, Figure 3). This can be due
to the lack of Nklabundance, lower volatilizatiom this temperature rangeajo agricultural emissions

in winter and/or the reduced sensitivity of the IASI N#trievals in winter Yan Damme et al., 20].7

The high value over Canada and the Arctic in winter can be associated with high uncertaintées in th
NH: retrievals due to low thermal contrast.

Insouthern North AmericaNH seasonal variations are epronounced than in the other twegions.
Figure 3 shows that the Nidoncentrations over several sources, such as TorreorSandJuan de Los
Lagogboxes B and F in Figureight pane) are high during all seasons, which could be associated with
the weak seasonal cycle of temperatunethis region closeto the equatot
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In spring, seasonal precipitations are the lowstthe three regions. This reflected in high NH
concentrations on the left paneDverEurope and North Americ#his can be related to agricultural
spreading practices period and hghatmospheric temperature favoring NHvolatilization. In
southern North AmericaNH; concentrations observed by IASI are the highest in spring when
atmospheridemperaturesare high and precipitations rates are loW. addition, biomass burning, that
are often encountered during this period could explain higher atmosphericddhcentratons in
spring.NH; reach maximumnvaluesin April/May (Figure S3) just before tistart of therain season
potentially reducing observed Nidoncentrationsdue to the wet deposition chtmosphericgaseous
ammonia[Asman et al., 1998]

IASI winter IASI spring IASI summer IASI fall

emperature (°C)

3 &
temperature (°C)

0 05 1 15 2

NH3 (molecu\es/cmz) <108

Figure 3 Seasonamaps of Nh total columns (molecules/cm?) derived frod0 years (2002017 of IASI
observations, along with seasonal means of atmospheric temperateddife and precipitationi§lue bar char}
over the Europe(upper panels)North America(middle panet), andsouthern North Americglower panels)
regions.

Since inEurope and North AmericdH sources aremostly agriculturerelated (with small
contributionsfrom industries) the temperature/NH relationship isexpected to be relatively easy to
interpret: when the land surface temperatureincreases, volatilization of ammonia from the
fertilized/manured soil is favored, and atmospheric ammonia increases. The corresponding
determination factors r2 for this relationship irEurope and North Americare 0.85 ad 0.80
respectively (polynomial fit of second order). This is not the caseuthern North Americain which

some of the ammonia sources are also industiad they contribute greatly to the atmospheric HH

the concentrations of ammonia atberefore not directly temperature dependentis we can see on

the right upper panel in Figur® (r2 = 0.46). There is nonetheless a relationshipomathern North
Americathat is due to the fact that we have constant high ammonia sources and temperatures (Figure
3). In fact, the relationships between Nldnd temperature on one hand, and precipitation/relative
humidity on the other hand, are not lineathis has been equally shown in a previous stiilytton et

al., 2013.
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Tofurther investigate the temperature/N¢relationship, weshow in Figure 4he evolution of NH
with respect to land surface temperatumver different subregions of theEuropedomain (listed in
Table 1)Similar Figures fdhe North America andouthern North Americdomains are shown in the
supplement information (Figure S5 and)S@/e observe a peakf NH; followed by alocal maximum
plateau betweenl0 and &°Capproximatelyin all of the regions othe Europedomain(Figure 4. In
fact, the NH detected in this range of temperature camdicate te fertilizer application period, since
mostof them (up to 80%)were detected during the spring and fall seasdefr. instanceover the Po
valley (region f Table 1 Figure 4, 36% of the NEldetected in the bins 1Q 25°C correspondo the
spring seasonwhereas 3% correspond tdhe fall seasonhot shown here)In CelinaColdwater
(region G ifTable ), 82% of the Nktetected between 10 and 25°C correspond to the spring and the
fall seasons, the percentage is split equdfiggre Sp
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Figure 4 Yearly IASI NHotal columns (molecules/cm?) averaged per bins of ERA5 skin temperatures (°C), with
an interval of 1°C between each consecutive Bime red circles denote the growing seasons, at least 60% of the
NHs isdetected during MarciMay and SepNov periodsSee Figure 2 and Talléor the localization ofhe sub-

regionsaroundEurope

We choose toshow the sub region# the vicinity ofthe Europedomain since thg are mostly
agricultural sources. Thibumpsg corresponding to the fertilizeapplicationare very clear irall of the

10
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subregions. This bumgas detectedo a lower extentfor agricultural regionsffectingNorth America
(supplementary material Figure5s Over the agricultural regions in theouthern North America
domain, the bumpsire clearin the regions A t® (Figure Sga). When the seasonal temperatures do
not fluctuate during the fertilizer application, any increase in atmospherigididue to the sudden
addition of nitrogen fertilizesto the soil.In southern North Americgthe regions E to M show that the
highest NH concentrations were observed as the temperature increased duringtbeing seasons
(Figure S6)A possible explanation to the resemblance among the regions A toHatishiey share
similar climate properties (Steppe and Desert) unlike the rest of theragions in the same domain
(tropical/subtropical) Since the temperaturginthe Europe and southern North Ameridamainsare
higher (Figured, right panelg in spring andfall seasongfertilizer application period) thathose in
North Americathis bump is clearer in the lattefhe bumps seen fdhe Europeregional domairare
clearer than those o$outhern North Americgpossibly related to the fact that in autnn in Europe
precipitation is lower than those isouthern North Americaleading to lower NEloss through wet
deposition

3.2. NH: budget overthe cities ofParis, Toronto, and Mexico

Temperature, relative humidity, and precipitation arot the only fators affecting the NH
concentrations.In order to analyze the impact of loagnge transport on N concentrations
measured ovethe cities (and not domains) daris, Toronto, and Mexico, HYSLPIT Hraj&ctories
havebeen used. For each day of IASkMblservations madén a 50km radius circle from the city
center, a 24hoursbacktrajectory hasbeen performed from 2008 to 2017There are between 3643
and 4008 backrajectories for Paris, Toronto, and Mexico citid$hen a severcluster analysis has
been applied to tbsedatases and NH mean concentrationsneasurednside the citiedy IAShave
been allocated to the different mean clustérajectories according to the corresponding back
trajectories Details about this analysere described in the supplementary material Figure Bie
result is shown irfrigure5.

Figure5: Seven clustegmean backward trajectories over thEurope North America and southern North
Americaregions for the wholeiime period between 2008 and 201Backtrajectories are colocoded in function

of the corresponding Niconcentrations measured inside the cities. The numbers indicate the percentage of

trajectories allocated to a cluster.

For Parisl/4 of al backtrajectories(875)that are associated with theighestNH; concentrations, i.e.
4.71x10" molecules/cm on averageare originatingfrom the surroundingsouth regions(black line
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