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Abstract: Air pollution is one of the main causes of damages to human health in Europe with an estimate of about
380 000 premature deaths per year in the EU28, as the result of exposure to fine particulate maftem{i?Min

this work, wefocus on one specific region in Europe, @ basina region where chemical regimes are the most
complex, showing important ndimear processes, especially those related to interactions betweembl@H;. We
analyse theensitivitiesensitivity of PM..s concentratioio NO, and NH emissions by means of a set of EMEBBdel
simulations performed with different levels of emission reductions, from 25% up to a total-sffiwhthose
emissions. Both single and combined precursor reduction scenariegp@ied to determine the most efficient
emission reduction strategies and quantify the interactions betweganndNH emission reductions. The results
confirmed the peculiarity of secondary PMormation in the Po basin, characterised by contrastiaghaal regimes

within distances of few (hundreds of) kilometres, as welltasignorntlinear responseto emission reductions during
wintertime. One of the striking results is thigght increase of the Pk concentration levels when N@mission
reductons are applied in N@rich areas, such as the surroundings of Bergamo. The increased oxidative capacity of
the atmosphere is the cause of the increase ofsitiduced by a reduction in N@mission. This process can have
contributed to the absence of milfcant PMvs concentration decrease during the COMI® lockdowns in many
European cities. It is important to account for this process when designing air quality plans, since it could well lead to
transitionary increases in BMat some locations in wier as NQ emission reduction measures are gradually
implementedWhile PM..s chemical regimesjetermined by the relative importance of M@y vs. NHz responses to
emission reductias show large variations seasonally and spatistiigy are not very sesitive tose-variations-are-less
impertantin-terms-omoderatgup to 5060%)emission reducticsievel. Beyond 25% emission reduction strength,
responses of PRI5 concentrations ttNOx emission reductions become rlimear in certain areas of the Po basin
mainly during wintertime

Keywords: urban air pollution, air quality planningprtlinearity, chemical regimes

1. Introduction

Air pollution is one of the main causes of damages to human health in Europe with an estimate @000t 3
premature deathsepyear in the EU28, as the result of exposure to fine particulate matteg)(@Ny (EEA,2020.
Many of the exceedances to the EU limit values occur in urban areas where most of the population is exposed.
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PMsis partly emitted directly (primary paates) and partly formed througihoto-chemical reactions that involve
gaseous precursolike SO,, NOy, NHz andnon-methanevolatile organic compound&MVOC) to form secondey
inorganic and organic aerosol (SIA and SOR)e secondarfractionis often @minating the total concentration of
particulate matter in urban are@s shown by e.gBeekmann et a(2015 for the Greater Paris regipDe Meij et

al. (2006, 2009) or Larsen et al. (2012) in northern Jtadyce the importance to understand the dexghemical
processes that lead to its formatiém particular, it is keyo identify the precursorgivolved in these reactions in
orderto target the right sectors of activity in air quality plans to effectivetiuce pollution levelsAccording to tke
EDGAR estimates for 204&=DGAR-2020)for Italy, about90% of the NH; is directly emitted in the atmosphere
by the agriculture sector while $@recursors are predominantly released byetiergy production and use
(industria) sectorsabout90% (EDGAR-estimatesfor2012020. For NOy, emissions are spread among various
sectors, with transpo(b0%), industry(40%) andagriculture(4%) being the main one3he gaseous precursors of
secondary organic aerosols (SOA) include a vast rangefefand-lowvelatility- NMVOCs among which biogenic
terpenes and anthropogenic aromafld¢se main sources of aromatics in ltahgre in 2012ransport $8%), use of
fuels and solvents3@%), and domestic heatin@d.5 %) (EDGAR, 2020)

Regarding SIA, earlyorks usedbox models with thermodynamic schemes to address the sensitivity of ammonium
nitrate and sulfateoncentrationso gasousNHs;, NOy, and SQ emissiongWatson et al., 1998lanchardand

Hidy, 2003-; Pozzer et al2017; Guo et al. 2018lenes et al. 2090These models were later on integrated into
chemical transport mode{€TM), in particular to address tihenefitof additional NH emissions reductions in
addition to already ongoing S@nd NQ emission reductionsior North America, Makar et al. (200%jmulatel

with a regional CTM thaa 30% reduction of ammonia emissionsuld leadto about 1 pgn® m reduction in

PMzs. For Europe, Bessagnet et al. (2014) simuldkeeffects ofa 30% NH; emission reduction in addition to
those foreseen by the Getiburg Protocol for 2030, afidundthatthe Gratio defined as the ratio between free
ammonia and total nitra{@nsari and Pandis, 1998)as agood predictofor the efficiency ofNHs reductionson

SIA concentrationsThese sensitivitie® emission redttionsare often governed by complex chemical mechanisms.
A well-deseribeeknownphenomenon itherelease of free ammonia as a result of decrease@i8dsions and
sulfate formation, which allowfer the formation of additiongdarticulatenitrate,asdescribedfor exampleby
Blanchardand Hidy(2003 andShah et al(2018 for wintertime PM s over the Eastern US. FeasterrChina, Fu

et al. 017 and Lachatre et 82019 showedboth from modelling and satellite observatidinatthissuch
processe&addeadto strongly increased ammartropospheric columng:inally, severalvorkscompared CTM
simulations to spedif observations. For instandeay et al. (2012) showed ththe Gi ratio was generally
underestimated over Europe, inducing that theéopalmodetheyused could probably overestimate the efficiency
of NHz; emission reductions. Petetin et al. (2016) came to a similar conctaigraringCHIMERE CTM
simulations to observations in the Paris regibmey ascribed this underestimation to smg NH; emissions
especially during warmegeriods

The formation of SOA results from even more compksctiondnvolving photechemical oxidatiorfas for SIA)
nitration, fragmentation, and oligomerisatiofigaseous precursoos secondary products (&l and Seinfeld, 2008
Shrivastava et al., 201 Models generally use simplified parameterizations to calculate the SOA formation yield
from variousclasses of parent VOCs (Tsigariéisal., 2014, and comparison with measurements often show that
SOA surces are still missing in mod€lduang et al.2020)-; Tsimpidi, 2016)

In this work, we focus on one specific region in Europe, thed&in In a companion pape€lappieret al,

202021) that analysePM secondary formatiochemical regimeacrossEurope, the Pbasinis clearly identified
as apeculiarareawherethe chemical regimelistributiors are the most compleghowingimpertantnonlinear
processes$Thunis et al.2013 and2015 Carnevale202Q Bessagnei2014) especially those related interactions
between NQand NH:. The P basinis alsoone of the pollution hot spots in Europere the number of days
above thdimit values prescribed by tieuropeammbient Air Quality DirectivesAAQD) for PMyg is yet largely
exceeded (EEA2020. This situation resudtfrom the high emission density in this regimmdalsofrom the
geographical setting of the area, in border of the AlpfApenninesnountain rangethat lead to very weak winds
in the area, favouring the accumulatioratrhosphei pollutants.

We focus the present analysis thie NH-NOx chemical processes addscribeheir spatial and seasonal
variability, which could helgo designmore effectivemitigation strategies. We start by describing the modelling
setup and detail theeries of simulations required to perform our analy&stion 3provides a brief overview of
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the modelled basease concentration Section 4 weanalyse theensitivity of PM s concentrationso NH; and

NOx emissionsSection Sprovides an analysisf thenorntlineaity in PM; s response to these emissionsile in
Section § wediscuss the implications of these results in terms of mitigation measures and design of air quality
plans.Conclusions arénally proposed.

2. Methodology

2.1 Modelling setup

The modelling study is performed with the EMEP/M®Cair quality model, version rv4_1(Bimpson et a].2012)
The emission input consists of gridded annual national emissionsN&)NQ, NHz, NMVOC, CO and primary
PM;s) at0.1 x 0.1 degrees restilon, based on data reported every yeapbsties to theConvention on Long
Range Transboundary Air Pollutio@I(RTAP). These emissions are provided for 10 anthropogenic seanters
classified bySNAP (Selected Nomenclature for Air Pollutiooddes EMEP, 2003. Meteorological input data are
based on forecasfrom thelntegrated Forecast System (IFS), a global operational forecasting model from the
European Centre for MediwvRange Weather Forecasts (ECMWHMgteorological fields are retrieveda 0.1x0.1
degree longitude latitudesolutionandareinterpolated tdhe50 x 50kn? polar-stereographic grid projection
(EMEP, 2011).

The gasphase chemistry is based on the evolution ofthe sol | e d i E Mds Bescsiliedhie Simepson et al.
(2012 and eferences therein. The chemical scheme couples the auldd nitrogen chemistry to the photochemistry
using about 140 reactions betweernspecies (Andersse8kold and Simpson, 1999; Simpson et al. 2012). In the
EMEP Status Report 1/2004 (Fagerli et 2004) the reactionare described that cover acidification, eutrophication
and ammonium chemistrfhe ajueous phase chemistry describesftihmation of sulfaten cloudsvia SO,

oxidation by ozone and 9, andcatalysed bynetal iors. An important pathwgaof particulatenitrate formation is
through the hydrolysis of XDs on wet aerosol surfaces that converts,W@ HNO;. More information on the
chemical equations is given in Simpson et al. (2012), section 7.

The EMEP model has two size fractions forasets, fine aerosol (PM) and coarse aerosol (Rd4s). The aerosol
components presently accounted for sufate (S@?), nitrate (NQY), ammonium (NH"), anthropogenic primary
PM and sea salt.

For inorganic aerosols, EMEP usks MARS equilibrium roduleto calculate the partitioning between gas and
fine-mode aewsol phase in the system'&f0 , HNG, 0 0 , NHzand(G "O_(Binkowski and Shankar, 1995).
Aerosol water is calculatad account for particle water within the BRymass, which depends on the mass of
soluble PM fraction and on the type of salt mixture in partidessalt (sodium chloride) and dust components are
not accountedor by MARS, which might lead to PM underestimations close to coastal sites andthd@ust
contributionis important.More information on the gas and aerosatipioning is givenn Simpson et al. (2012),
section?.6.

Regarding scondary organic aerosdSOA), the EmChem09soa scheme is used, which is a simplified version of

the secalled volatility basis set (VBS) approadRabinson et al., 2007; Donahue et al., 200%e VBS mechanism

is discussed in detdih Bergstrédm et al. (2012). Theain differences between the VBS schemes and EmChem09soa
is that all primary organic aerosol (POA) emissions are treated asofatite in EmChem09soa. This is done to

keep the emission totals of bd¥\v and VOC components the same as in the official emission inventbhies
semivolatile biogenic and anthropogenic SOA species are assunfigrhter oxidise (also known as ageing

process) in the atmosphere by ®d#ctions. This will lead to a reductionvolatility for the SOA, and thereby

increased partitioning to the particle phase. More information on SOA is given in Simpson et al. (2012), section 7.7.

The modelling domain covers the entite basin(Figurel) with areselution-6f0.1 by0.1 degreeresolution(polar
stereographic projectiarentredat 60 °N)andincludes20 vertical levelsThe initial and background concentrations

for ozone are based on Logan (1998) climatology, as described in Simpso2@93). For the other species,
background/initial conditions are set within the model using functions based on observations (Simpson et al., 2003
andFagerli et al., 2004)The simulations cover the entire meteorological year 2015. We will not digeuss t
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validation of the baseasesimulation,as this is available in other publicatiofesg.Simpson et a].2012) and
regular status reportyy EMEP fittps://emep.int/mscw/mscw_publications.html

In this work, wesimulateda series 024 scenarios in whic NO, and NH; emissionswverereduced independenttyr
simultaneously by 25, 50, 75 and 100% from the base case referenseHeviskion reductionaereappliedover
the entire Pdbasindomainfor a complete meteorological year (2015)

2.2 Spatial and tempord focus

Results are generally presented in terms of maps but three locations within the wereaielected for a more

detailed analysis. The locations are Bergamo (Be) in the northern part of the domain, Mantova (Ma) in the central
eastern part of tho basinand Bologna (B0) in its southern paAs descibed in the following sections, we will

see thathese locations show very different behaviours in terms of response to emission changes.

We also aggregate results itgeasonswinter and summer #t cover the period from November to February and
from April to September, respectively. These two seasons are characteristic of different cleginiezdas

illustrated in the following sections. The process to define the temporal bounds of thesestwsiseliscussed in
Annex 1. The two remaining montfiarch and Octobgrepresent transition periods and are not considered in our
analysis.

As we only analyséie processes involvingnorganicgasphase precursors, our focus is on secontemganic
PM; s although most of the results are expressed in terms of totad @&WicentrationsThe impact of NQemission
reductions on SOA concentration is only briefly discussed in section 5.

2.3 Indicators

To describethe interactions between Nidnd NQ emissims, we use the relationship proposed by Stein and Alpert
(1993) and Thunis and Clappier (2)1This relation expresses the change of concentration resulting from a
reduction of both precursors N@nd NH; simultaneously, as the sum of tsimgleconcentrion changes and an
interaction term, as follows:

o) Y] o) 6 1

WhereqcC stands for th@M s concentratiorchange (reference minus scenafar)a percentagé) emission
reducton( t hus t W& ier medpCned positive for a concentration

reduction)and6f or t he i nteraction term. We then scale each of
generatgotentidspotentid impacts(P) (Thunis and Clappie2014).

s - - . - ) o) 0 2

—F U U 0 U

Thisdivisionb 'y t he f reammeanmo vibualy-extrapolatevirtually the impact resulting from any

percentage emission reductidam-+to 100%.Petential®otentialimpacs facilitate the comparison of

concentration changes obtained for different emissionctézh levels. Indeed, equabtentialpotentialimpacs

imply a linear relationship betwe@mission reductions armbncentration changes. For example, 0

+ Y6 -¥6, for U and b, two emission reduction levels.

The overall ptentialimpactis therefore the sum of tweinglepetentialpotentialimpact and one interactioterm

A relation between thpetentialpotentialimpacs of combined emission reductions at two levels of intensity is
obtained by writingZ) f or two reduction |levels U and b and subtr ac
relation:
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or equivalentlyvia equatior2:

0 0 0 0 0 0 0 4)

While the two first terms on théght hand sidef Eq. 4represent theinde petentialpotentialimpacs, the
remainingright hand sidéermsquantify themagnitudeof nonlineaities. 0 quantifies the N@NH3

interacti®n amd |ae the dingl&nclinearies associated to N@nd NH; emissions,

respectivelyb et we e n | ewheréa®) U remesergthe incemental changef the NOx-NH3
interaction betweelevelsU and b.

Information about notinearity is important to design ajuality plans as it informs on the robustness of a given
response, i.e. whether or not this response remains valid over a certain range and type of emission reductions.
Because air quality models often provide responses for a limited set of scenardwe thah used asbasis to
interpolate/extrapolate the responses to other emission reduction levels, rolslsiedways bearefully

assessed

In the next sectignve present the baseline results in terms of spatial and termpoetions

3. Baselire concentrationsof PM2sand gaseous inorganigrecursors

Before analysing the impact of emission changes on concengatigworth having a look at the baseline
concentration fields. Ifigurel, the yearly seraged PMsconcentration fields show a widespread pollufiume
covering most of the areajtiv peak values extending in its central part. The maximum modelled yearly values
r e a ¢ h/m*1@, thatgepresent an average betwaeximumwinter values (maximum of 58 ¢w® m®) and
minimumsummer values (1 gn® m3).

The seasonal fields of PMclearly show thahigh yearly average values mostiysultfrom the winter season
contributions when more stable atmospheric conditions lead to stagnant conditions, favouring the accumulation of
particulate matter in the areRdrnigotti et al.2014 Raffaelli et al, 2020. The increased emissions from the

residential sector (heating, especially wood burnadgdfoster this procesR{cciardelli et al, 2017 Hakimzadeh

et al, 2020. FheWintertimelow temperaturealsofavour the partitioning of servolatile components (e.g.

ammonium nitratejowards theparticulatephaseOverall, herelative contribution of secondary inorganic particles
(SIA) ranges between 40 and 50%, regardless of the season and is quite homogeneously distributed spatially over
the entire area. Strategies targeting SIA have therefore the potential to abate about half ofRiMe total

concentration.

As mentioned earlier, the secondargrganicfraction of PM s results from complex atmospheric processes that
involve gaseous precsors(mainly SQ, NO, and NH), that can be summarized by the two following chemical
pathways

1 ¢ /I ( -9(.1C - )

3/ C /(°°(3/C
3/ AN /&< Hch / ARoco ( 3/ AN (6)
(3/CO(3/Po°0 ¢ D 3/ P
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where C me ans i g,%aq) aqueoaspeasehile B meandfip ar t i ¢ u]aadthe characté©e r 0
-symbolizes a chemical pathway that summarizes a set of underlying reactions.

The second of theggthwayss general slowerthan the first ongthe NQ oxidationspecific time constariteing
typically some hoig to a dayand that of S@oneto severaldays (Seinfeld and Pandis, 2006

The spatial fields for theeasonahverage concentrations of these precurdeitsi(e2) reflects their emissions
spatial patterns ref#ting in a NQ-rich area thatomprisedMilan plusits northern district§éand to a lesser extent,
Turin), while NHz is more abundant in the central part of flebasineast of Milan where intensive agriculture
practices take plac€&inally, high SO, concentrations are collocated with tH®.-rich areasiearby Milan but with
an additional zone around the harbour city of Ger{al@ang the south coasteflecting themoreimportantSG;
emissions from the shipping sector théfewever, SQconcentrationare aboubneorder of magnitude below
those of NQ. Seasonal variations are well marked forN@d SQ concentrationsnot so much in terms of
minimum and maximurwalues but rather in terms of spread with an exteihigd concentratiomonecovered
during wintertime In contrastNHs concentrations remain very similar in summer and witttiethin terms of
values andpatial distribution

In next sectiog wesimulatea series oemission reductioscenarios to analyse thesponsef PM, s concentratin
to singleandcombinedreductions of NHand NQ.

4. Analysis of theSIA formation chemical regimes

4.1 Seasonal trends

From a strateig point of view, it is important to know whether NQ@nostly emitted by the transport, industry and
residential sectorg)r NHs (mostly emitted by agriculturejeed to be reduced in priority in order to reach effective
results orparticulate pollution mitigationn Clappieret al. 022021), we haveobserveda great heterogeneiin

SIA formation chemicalegimesacrosgshe Po-basin different regimes being presentlimited geographical areas
Here we intend to look at these regimes in more detalil.

To analyse in details the chemical regimes inRbéasinwe comparehe twosinglepetentialpotentialimpacs
0 ™ Pobtained for moderate emissierductiomeductiors of 25%()-%. Figure3 provides a spatial overview

of the difference between these tpmtentialpotentialimpacs (0 P 0  §. This indicator tellsvhether

reductions of N@efor NHs will lead to the greatest PM concentration abatement, i.ethie regime isatherNOx-
or NHs-sensitive with positive and negative values, respectively.

1 During summetime (Figure37 left), the entire area is under weak N&nsitiveconditions with a maximum
intensity in its central part, between Bergamo and Mantova.

{__ During wintertime Figure31i right), the situation is contrasted wiitwide andintense NH-sensitivearea that
appearsroundand soutkeastwards oBergamo. This area includeg cities like Milan Other (not as marked)
NH3 sensitiveregime zonegppear nearby coastakas.Most grongly NO-sensitiveareas are located in the
easterrparts of the domajmorth of Bologna and Venic&s-expectedNHs-sensitiveregimes aregenerally
collocated with the N@ and SG- rich areas Eigure2), whereas N@sensitiveregimes coincid&vith NHsz-rich
area. The casa of thethreeselected citiegBergamo, Mantova and Bologn@presentative of thidHs-
sensitive NOy-sensitiveandneutralregimes, respectivelyare further analysetielow

Thechemical regimededucted from the results of emission reduction sceneaio®e comparedith the maps of
the Gratio (Figured), defined byAnsari and Pandi€l998) as the ratio betweémee ammonia NH3; and NH*) and
total nitrate HNO3 + NOy)) after neutralizatiomf H,SQs. Values of the Gatio below 1 indicate a Nddimited
chemical regimewhile values above tharacterize HNG;:-limited chemical regime.
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indicate a HN@limited chemical regimacrossthe Pobasin This corresponds to a NOx sensitive chemical regime
in this region (Figure3). Moreover the location of the @atio maximum between Bergamo avddendMantova
spatially coincides with the most pronounced,é@nsitiveregime, and to a maximum of Nidoncentrations of
about 20 ugm?2 (Figure 2. Indeed, NQemission reductions lead to HN@oncentratiomeductions thais the
limiting factor in NH{NOs formationaccording to the @atio. During winter, the G-ratio still shows large values in
the region soutleast of Bergamdyut contrary towxntersummerthe chemical regime is clearly Nidensitive
(Figure3). More generallyG-ratio valuesremainabove unityoverthe whole Pdasinwhile both NQ and NH
sensitive chemical regimg@sevail in different areasthus;-even-ififree-totalammeniais-meore-abundant, PM
abatemenis-more-sensitive-to-NHhanto-NO-emissionsl hereforethe Gratio, related to the@bundance of total
free ammonia and total nitraterovides information whickliffers from thatobtained by determining the
distributionof the NH; and NQ emission sensitive chemical regisn&hese differences illustrate the impossibility
to directly use the @atio for air gality management, an interesting result in itsé&le will further discuss this
interesting behaviour later when addressing-limgarity in section 4.3

4.2 Impact of the emission reduction strength

In this section, we repeat the analysis of Sectidrior yearly average concentratiolst looking at the step
changes of regimes as we progressivehlpevaeduceemissions from the base case situat{éigure5). Chemical
regimesare well in place for a 25% level reducti@iap left) and are only slightly perturbed from 25 to 50% with a
reinforcement of the N(Qlimited regime (top right)=Despite thisslightchange in intensity, the regimes keep
thereforethe same spatigpatternsFrom 50% onwardgchemical regimes tend to attenuate eskrse themselves
from 75% to 100% (bottom right).

In other words, locations that are Mbensitivefor the first stepsroderateemissiornreductionswill become N
sensitivefor largerthe laststepsemissionreductions, and vice versa

4.3 A summarized overview: thePM2 s isopleths

Like isoplethplots thatshow the variations in thes@oncentrationgas a function of NQand VOCconcentrations
(Dodge 1977, similar plots can be creatéor PM, s concentrationsis a function of NQand NH; emissions.

Simulation resulthaveindeedoftenbeenpresented as 2D isopleths of Pibr nitrate as a function of precursor
emissions, which allows showing in a comprehensive manner their sepséit also, in a qualitative manner,
nonlinear effects (for example Watson et 4694 over U3,; Xing et al., 2018 over the Beijiin@ianjini Hebei

region in China)Figure6 shows the PMsisopleths obtained thugh an interpolation among tB& simulation
concentratiorvalues (thes@5 simulations correspond to the white square symbols in each isopleth diagram) at the
three location8e, Ma, and B@reviously defined. The Xand Y-axesrepresent the strengthstbe NH; and NQ
emission sources, respectively. With this type of graphical representation, it is possible to visuedizgahemf
PM;sto a NQ emission change by moving vertically, the reaction to a &Hission change by moving

horizontally or theeaction to a combined NENH3 emission change by moving diagonally. The larger the number
of isoplethswe crosonthe path (high gradient), the larger the expected impact from an emission reduction will be.
A simple theoretical model to generate anéiipret these isopleths is proposed in Annex 2.

From the analysis of the isopleths, we note the following points:

1 Ingeneral, the isopleths show a regular pattern with a progressive decreasg; obRédéntration when either
the NQ, or NH; emissions areeduced, with the only exception of Bergamo during wintertime, where NO
reductions up to 70% lead to a small increase of HFigure6 - top left), whatever the reduction in NH
emission is. We discuss this patiar feature later in this section.
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1 The diagram areas can be divided into two zones separated by a ridge (dashe€idine8). Above the ridge
line, PMsis more sensitive to Ndwvhile belowthe ridge linejt is more sensitive to Nemission reductions.
Theorientationof theridge (tending to vertical or horizonfainforms on the type of chemical regime (N&@
NHs; sensitive respectively).

1 The efficiency of a NQvs NH; emission reduction varies acrossdtions. We can compare the efficiency of a
given reduction by looking at the horizontal (for §@nd vertical (for NH) gradientsTo support this
comparison, wéncluded ineach diagrandashed oblique linegdat connect similaPM..s concentration valkes
for singleNOy and NH; emissiorreductionsThe more vertical are these lines, the larger is the afitdtement
impact compared to the N@batement impacConversely,tte more horizontal they are, the larger is thetNO
abatement impact compared to tids; abatement impacEor moderatemissiorreductions (up to 50%op
right corne}, different behaviours are observed: whildBergamoPM; s is more sensitive to Nkreductionsit
is more sensitive to NQeductiongn Mantova,and equally sensitive tooth precursors Bologna This
corresponds to the spatial patterns of,N&ahd NH:-senstivive regimedepicted in Fig3.

1 Winter and summertime isopleths show completely different patterBergamo whereas at the two other
locations, they remaigimilar.

1 At Mantovawhere moderate NQeductionge.g. 50%)arethe mostfficientamong the 3 site®NHz emission
reductionsare more efficient than N@mission reductionfor largeradditionalreductions going for example
from 75% to 100% At Bergano, NH; reductions are the most effective for moderate reductions whereas NO
reductions become more effective for larger reductions, as seen by the isopleths 3écicanfirms the
findings of reversed chemical regimes for larger additional emisgidnationgdetailed in the previous section
and illustrated irFigure5.

The speciapattern oB e r g aRMesdsspleths during wintertimaeeds some additional discussi®he increase
of the inorganidraction of PM. s as a response to N@ductions during wintertime has already been noted by
several authorge.g.Le et al, 2020;Sheng et al2018. It has been related to an increase inakidizing capacity
of the atmosphere and in particular to increased @#arels This is due to the prevailing titration ot®y NO in
wintertime high NQ conditions and in the absence of photochemical ozone production due to reduced solar
radiation (Kleinman et gl1991).

.IC /| ¢Co./¢C I C @)

Accordingly—fora-factor-oftwbhe impact of NOx emission reductions on the concentration of various pollutants in
Bergamo during wintertime is illustrated kiigure7. As expecteda 50%reductionin NOy emissiondeads to a
decreasgFigure8-showsn NO, concentratiorffrom 47 to 28 ug nd, i.e a factor of1.7). In contrastOs

concentration increasé®m 8 to 16 ug 11, roughly a factor of twancrease-for-ozonevhile NO, decreases-by a

factorof-lessthantwo(1-7).. These compensating changes result in a small increasesirabiCal production(Eg.
9), the initial step of the major pathway of wintertime HN&ddparticulatenitrate formation (Kenagy et al., 2018)

./ ¢ | ¢co./ ¢ /| C 9)

In this pathwaythe NOs radical formation is followed by enbination with NQ to form NOs, areversible process,
and heterogesous HNQ formation on wet particle surfaces.

./ ¢ ./ ¢cP .| C (10)
/I ¢ (1 AAOTGGOMAAAl C (11)

The NOs radicalhas threemajor rapid sink, reaction withNO, photolysis and reaction wittNMA/O-CRNMVOCs
especially terpenes.

./ C .I/Co¢l C (12
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Reactions to 15 induce additional dependence of HNfdrmation on NQ speciesn top of (5) but whichpartly
cancel out, as they are both involved in formation and sink processes.

SOA is formed through a series of chemical reactions of gaseous precursors (matildy, Votarmediate volatile
350 or semivolatile organic compoundgVOC4}) with the oxidants @ OH and nitrate radical (N§) (Li et al., 2011).

3N6/#€ 1 GEAATVA 6/ &P 3/ 10 (16)

Putting all the arguments together, it follows that wintertime ammonium nitrate formation over Bergamo is most
| probably controlled by Nexadical formation9)-ane-its-strong-nehnearity-with-respetto-NQ-emissiong. The

fact that this behaviour is observiedBergamo and ndh Mantova or Bologna is due to the much larger.Nels
|355 in the Bergame Milano area (above 5@g/m® m® during winter, Fig.2). Such large N@vels are also simulated

locally over the Turin area, and also lead to a slightly Bethsitive regime there despit&aatio well above unity.

Beyond 50% NQ@reduction, NHNO; formation decreases becausedi®creases more rapidly than ozone

increases up to its maximum (at 75%,Nemission reductiorsee Figure)?

Fhis-nenlinearity-betweefThe negative response of MOsto NOx emissiorreductiors and-HNQformation

360 alsdn Be during wintertimeexplains the apparent discrepancies with the analysisrafiGindicating-stronger
sensitivity-to-HNGQ:, which indicates thaiiH4NOs is strongly HNQ limited. Simply, sensitivity-tothe HNOs
concentratiodimited chemical regimeannot be extrapolated to sensitivity to Ngbnissions in case of the above
shownnerlinear-behaviodnegatie responselotal nitrate is less abundatitan free ammoniadéfined as
060"Q 0'0n <¢YO n ,butNQ emission reductionselewup toabout 50% do not redudtts

365  concentrationand NH emission reducuons are thus more effici@ven-if- NH-is-mere-abundantthan-HNOIn
this respect, theemplementary-analysis-of-emission-sensitivity-@aritio givesinteresting-cluesn-possible-nen
linearity-inthe NQT-HNOsrelationshiigamot provide information about negative responses

At Bergamoduring winter, theéncrease in PMs (+ 1.8 pgt m2)®) arising from a 50% reduction in N@mission
also results from an increase in sulfate (+:0g8ug m3)3) and in SOA (+ 6 —g/ug m3)>) concentrationsBoth

370 sulfate and SOA amentrations are closely related@s concentrationgFigure7). The sulfate increase is
comparable in magnitude to the nitrate increase, even if sulfate levels are nallehtbathannitrate oneskigure
8Figure7 actually shows a strikingly similar response of sulfate, SOA and ozone,teNiBsion reductions (given
that SQ and NMVOC emissions are held constant). Indeed theapirey wintertime aqueous production of$0Ou
requires oxidants and in particular ozghe et al, 2020;Sheng et a)2018) In addition,theformation of SOA in

375  both the gas and particulate phaskssrequires oxidants(Vahedpour et al2011;Huang etal., 2020;Feng et al.
2016;Li et al,, 2011;Tsimpidi et al, 2010)

Pinder et al. (2008) also note an oxidant limitation for SIA formation over Eastern United states for the 2000 to 2020
period, but in their simulations, it mainly affestsifate thaincreases as a result of N@mission reductions while
nitrate decreases. This is due to a more important sulfate to nitrate ratio in eastern US tharPaveasie Fu et

380 al. (2020 derive from combined measurements and modelling that wintertiméeniiaing haze ents in the
North China Rain (NCP) are nearly insensitive to 30% N@mission reductions, because increased ozone levels
increase the NE&Xo HNG; conversion efficiency. Following these authors, this conversion also involves the
homogeneos HNG; formation via the N@+ OH. This reaction also could play a role in Beebasinin addition to
the heterogeneous pathwa#\tso Leung et al(2020 simulate that wintertimaitrate abatement in the NCP is
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buffered with respect to emission reductity increased oxidant butdp, but also by sulfate to nitrate conversion
by liberating free NHthrough sulfateeoncentratiomeduction, which can then enhance nitfatenation Womack

et al.(2019 find anoxidant limitation of nitrate formation ovevintertime Utah(lUSA), and showthat nitrate
concentration dimiisheswhen reducing VOC emissions.

5. Analysis of non-linearities

Clappieret al. 022021) highlighted the specificities of tHeo basirarea within EuropeThey shovwedthat ron
linearitiesare impertanpresenin this region Onepeculiarityof the Po basinis a markeddifference between the
chemical regimeencounteredvithin a confinedarea thatwhich have implications on the linearity 8V s
responses to emission changes. In this sgatieranalyse in more details these 4liorarities.

Information on theNO,-NHs interaction term ather e duct i on 0 ek dl0 U=250:° 0 §

(first nontlinear term in Eq4) is providedsethspatially-and-as-a-scatiglotin Figure8. FhisAt  U=25%, t he
interaction terms almest-constant{0.9)ovemegative(or null) acrossthe entiremodellingdomain_(mostdata

points are below the 1:1 lineg¢gardless of the chemical regimgsnd, and averages to approximatelp%, as
indicatedby the linear fit slope (= 0.9)n relative terms,His interaction term ialsoalmost constaregardless of

the seasom@ﬁ%yeaﬁywagemtshowm#we@%&%mps%beﬁ%emm@mag At

U=21504 t h

54 05

This negativitycan beexplained by the fact thatreduction of only N@Qimplies a reduction of both 0 and( O
and the same happens when reducing only, kté¢refore a simultaneous reductimiooth precursors is lower than

the sum of the twotheoverall-concentration-changd4—-—Single impacts would therefore lead to an
overestimation (of about 10%) in BNreduction if addedip to extrapolate linearly the impagt combined 25%
NOx andNH3 emission reductiasion yearly averaged PM concentrationsf. This result is expected for what
concerns particulate NINOs, asa eembined-NQ-NHs-emission+reductioat 25%consequence of the gas/particle
equilibrium describeéh Eqg. 5, although nctinear relationships between N@missions and HN§xoncentrations
also play a roleQualitatively, thisbehaviouriseexplaineghegative interactiois also highlightedby thehyperbolic
shapeof the PM; sisopleths determined for-8ifferent sites of the domain (Figure Bheihyperbolicshaps
indicate-thisnegative-ndimearityin-the-NE-NO,interaction As discussed in Annex 2, linearity would result in

isopleths parallel to the descending diagonal lines.

When emissionaductionsncreasdrom 25% to 50%three additional netinear terms are generated (three last
terms in equatiod). Figure9 and10 providean overviewof thesenonlinear termsluringwintertimeandsummer
timesummertimerespectivelyThe top left panel of each figure representé them i.e. the totahenlinearinon
linearity generated between 25 and®0 emission reductionThe right column shosthe nonlinearities

associated to NOand NH; while the bottom left panel reports the Alarear interaction between the two precursors.

Overall,nonlinearities are more importaduring wintertimethan duringsummertimeThis is true both in absolute
and relative (noshown) termsNon-linearitiestend to behe largest in between areas that are characterised by well
marked NH- or NO.-sensitiveregimes indicated by thdlue and red drawn contours). This can be explained by the
fact that when one of the two componefN©x or NH;s) is in large excess (compared to the other aeel)jctions of

this compound have therenerallyonly little impact implying that bothsingleand combined reductions only

involve one compound and are therefsimilar.

During wintertime, he overall nodinearity (Figure9 top left) islargelydominated by the singldOx-related non
linearity (0 P Figure9 top right), a singularity in Ewpe as théo basiris the only area where this occtes
this exten{Clappieret al, 2022021). In the region of Bergamo, the N@ortlinearity remaisrelativelyweak
despite the peculiar PMresponses to N(mission reductions (i.e. an increasédf, s concentrationgor NOy
emission reduction up to 5Q%igure7). In this NHz sensitiveregion this behaviourcan be explained the strong
oxidant limitation of HNQ formation outlined abovéFigure87). It is worth mentioning that although atypical, this
behaviour is quadinear withPM. s responses that remain proportional to the emission reduction stfepgdth
50%) but with a negative slop&imilarly to NO,, NHs singlenonlinearities Figure9, bottom right) are positive but
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weaker, indicating slightly larger potentiaipacst for emission reductions in the range5f6 than in thé®-25%
ange Flnally the NOX NH3 nonllnearMeFaeuenmteractlonterrrs(Flgure9 bottom left) are mostly negativies-

nale litafingthatthe combined-reductions
a#eadsfebsewed—fepthe@ﬁeractmn terrrfor 50% emission reductlonss more negative timathe corresponding
termfor 25%, pointing out to a strengthening of ti€,-NH3 nonlinearity when more intense emission reductions
are considered.

In relative termsthe overallwintertimenontlinearity termsincreag by about 30 % when emission reductions

increase fron25 and 50%Figure11top, blue pointg. Note thatthesenontlinearity termsreach larger values in

some places of the modelling domain as highlighted bd#sepointdispersion—In a previous work, Thunis et al.

(2015) quantified the nelinearity of model responses to emission reductions in three areas in Europe, among which
the Po Basin. One of tlieconclusions was that ndimearities remain relativelyolw for yearly averaged responses.
Although the results presented here show important nonlinearities, these occur mainly during wintertime and are
limited to specific areadt is also worth noting thahese nodinearresponse¢for modaate emission rediions up

to 50%) only occur in the Po Basi@lappier et al.2021).

During summertimesummertimethe magnitude ofionlineartermsards smallerthan during wintertimeThe
overall nonlinearity term(top left) is dominated bthe NHs-NOx nortlinear interactiorierm (O P Figure 10,
bottom lef). In summer, PMs concentration is N@sensitive in almost all thdomain(Figure 3)and emission
reductiors do not lead to shifts in the chemlcal reglmes In this daeenteractmn termbecome more important.
Thelargestnonlinear interactiorierns a @ heyarenegative

everywhereregativén the Po basirimplying agamthat th%umeﬁhmmpaet&mseﬂﬂng#emmglenteractlon
terms at 50% ismore negativéhanat 25%emission reductiofreinforcement of the nelinearities when more

intense emissioreductionsexceeds-the-impactofthe-combined-reductiwma.consideredMost negative values

appear in the western and northern padarhain.

Figure11 shows thencreaseimcreaseof the overall nodinear terms for emission reductiérereasingteps starting
from different pointsfrom 25 to 50%, from 50 to 75%, and finally from 75 to 106Régardlss of theemission
reductioninerementstepg summer time nofinearities remain small all over the domaiith regressiorslopeclose
to 0.9and very limiteddata poindispersios (i.e. low RMSE) Wintertime nonlinearitiesfurtherincrease
significantlyfrom 50% to 75%eduction levelgregression fit parameter close to 1.Blijtend to stabilize between
75 and 100%eduction leve(regression fit parameter close to 1.08)is interestingd note thapetentialpotential
impacs in winterincreasedor all segments (all winter points are above the 1:1 line) indicating that the same
percentage reduction (25%) gains progressively more impact when more intense reductions are considered.

6. Discussion

When designing air quality plans, it is important to iifgrthe key precursors on which to act in priotioyhit a
specific air quality targebut also to understartie consequences tifese choicefr variousseasos (temporal
variations), locatios(spatial variability),emission reduction leve(strengh) andstrategiegcombined ossingle
emissionreduction$. Astheinformation tomakethis decision is generally incomplete, assessing the robustness of
theavailable modetesponsess essential. From the results presented here, a few key points appear.

1 The seasonal and spatial variabilitieshe response of PMto the reduction of NQand NH; emissions
are extremelyarge with different and sometinsepposite responses to emission changes. Yearly
averages do not represent the appropriate time windevaluate the impact of such emission reductions
and a focus on wintertime (November to February) seems to be the right option, especially because
concentrations are larger during this period of the year.
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1 The responses of PMto emission reductioplans that cover the whole area (i.e. uniform emission
reductions are applied everywhere in the domain) vary from location to location: opposite responses occur
within a few hundreds of kilometres for some reductionlie\e the region of Bergamo, RMresponse
to NO, emission reductionsan be negative, meaning an increaseMf s when reducing the NO
emissions. It is important to combine Nénd NH; emission reductions in winter, or to go for stronger
emission reductions to make sure these unwaritectg are limited.

1 Despitequite importannontlinearities,PM. s responses to emission reductionsrasechaoticindeed,
regardless of the emission reductlewel, the nonlineartermsrelated to NH emission reduction and to
NO«-NHj3 interactiors arequite uniform spatially. This is not the case of N@&mission reductigrfor
which care must be taken to enstivatthe detailedesponse of Plkis captured.

1 Although they are locatiodependeigipecifiG PM; s isopleths represent an interesting tamassess the
impact of differenNOy and NH; emission reductions on Riconcentration. They indeed allow
visualising in one single diagram the impact of any type of reductions on concentrations in a single grid
cell (or set of grid cells We must howeer remember that these isopletiesive from uniform emission
reduction over the whole domaiGomparing sitesvherePMysresponses 0t he s awided fid o ma i
policy aredifferent it appearshallengingo define a single domaiwide policy efficiently reducing PM
at all locations

7. Conclusions

In this work, we analysed thensitivitiesensitiviy of PMzsto NOx and NH; emissions by means of a set of EMEP
simulations performed with different levels of emission reductifsos 25%up to a total switcloff of those
emissions. Botlsingleand combined precursor reductiseenarig were appliedo determine the most efficient
emission reduction strategies ajuhntify theinteractions between N@nd NH; emission reduction§heOur
resultseenfirmedonfirm the peculiaity of secondarynorganicPM. s formation inthe Pobasin sggested by
Clappier et al.022021), characterised by contrasting chemical regimes within distances ¢fifareds of)
kilometres as well astrongnonlinearresponssto emissim reductionsluring wintertime. One of the striking
results is the increase of the PMtoncentration levels when N@mission reductions are appliedNi®y-rich areas
such as the surroundingéBergamo. The isoplethis the graphs showing PM, nitrake, sulfate, SOA and O
concentrations as a function of Blehd NQ emissios (Figure7) indicate that the increased oxidative capacity of
the atmosphere is the cause of the increase egRiduced by a reduction in N@missionof up to-50% This
proces can have contributed to the absence of significantsbhcentration decrease during the COMI®
lockdowns in many European cities (EEA, 2020; Putaud et al., 2028)miportant to account fdhis process
when designing air quality plansince itcould well lead to transitionary increases in Mt some locations in
winter as NQ emission reduction measures are gradually implemeAtetthis type oflocation, mitigation measures
that would be optimal in the lorgrm might not be efficierih the shortterm

Jointanralysignalyes of PM sensitivily to emissionsandthe Gratio ard-emissions-sensitivitiean give a clue if a
NHs; sensitive chemical regime is duedither aimitationlack of NH3 or to alack-ef-sensitivity eNOx-emission
reductbn;due-to-enonlinearandeppesitebehaviounegativeresponsef the-NQ-—HNO; relationship.
concentration to N@emissions In this latter case, the chemical regime issNEnsitive in terms of NiHand NQ
emission reductions, biitcan beHNO; limited in terms ofG-ratio, as observed for the Bergaimdlilano region.
Inversely apesitiveG-ratio greater than lindicating HNQ limitation to particulate nitrate formatiodoes not
necessarily indicate a larger sensitivity to Nftanto NH3z emissionsThus theour resultsindicateshowthe
impossibility to directly use the-@tio for air quality managemersn interesting result in itselherealVhile
PM, s chemical regimes (determined by the relative importanci®NO, vs. NHs responsesxpresseas
petenﬂa#&(—e—respenses—p#ejeeted—meaﬂyte—a—mmﬁmlsaon reductlm')ef—NQ and—NH»e#Hsgen—FedﬁeHe

show Iarge variations seasonally and spal;l ey e

Fangeslh&wspens&dhev are not very sensﬂM@ moderate(up to 50%)em|33|on I’edUCtI(Iﬂ Bevond 25%

emission reduction strengtiesponssof PM; s concentations toNOy emission reductionis-found-te-bbecome
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Since sulfate concentrations are low in Beebasinthe impact of S@emission reductions was not evaluated here.
However, the simulations germed in Clappier et al262@021) indicae that air quality improvement plans
addressing Sg£emissions may still lead to additional PMlecreaseg:urther worls shouldalsotest ifNMVOC
emissionwould further affect the concentration@fidants andsubsequently afitrate(and sulfatepluring winter.
This dependsn thefraction of ozone formed photochemically in thelsin comparedo the one transported

from outsideby advection or entrainment

Finally, it would be important to compare the results obtainatiis workfrom the EMBEPrv4_17model with
similar results obtaineftom other models. With its complex setting, thelRsinrepresents a good test case for
such intercomparisons.
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Annex 1: Selection of seasons

Chemical regimeshow a great variabilitwith time. To select the extension of the seasons, we analyse the monthly
beraviour of the NH and NQ responses as well as the interaction tefaigufe12). The analysis is performed for

two locations: Bergamo which Bén a NH; sensitivezone and Mantova which Bavithin a NQ, sensitivezone. On
these plots, we identify two major seasons with a consistent behaviour: winter from November to February and
summer, from April to September. These two seasons are similar at both locations. The two remaining months,
ApritMarchand October are transition months and are not considered in tlysisnkilis interesting to nothat

these two transitioperiodscorrespondnore or les$o the switching timdetweerthe NQ, and NH; concentration

time profiles Figurel12 - right panel). On the latter figures, the S4hd NQ temporal evolutiosare almost

identical, in contrast to N

Annex 2: A theoretical example for the isopleths

To facilitate the interpretation of the isoplethsadrams, we use a simple theoretical example that mimics the
complex reactions proceschematized by equations (5) angdgBove. Our simplified process is described by the
following relation:6 ohdy | ETO whO & whereGisthecos ent rati on of a compound

the minimum between two emitted species A and B. The concentration depends on the strengths of these emissions,

specified by the parameters x and y. For each emission strength (x or y), the two emissiomsppoig®rtional to
their full-scale value (100%0 @ GO p m@andO w «O p T rrespectively. If we chooseaEL00) >>
Eg(100), we create a-Bensitiveenvironment Figurel13- left column) and inverselyH{gure13 - right column). If

we select mixed situations, representing for example an average of days, during which we alternate between A
sensitiveand Bsensitiveregimes, we obtain the two bottom isopleth diagrams that repressss where a larger
number of Asensitive(right) or B-sensitive(left) events are recorded. Although extremely simple, these diagrams
illustrate properties that are observed on the real test cases.

Let ds t ake t sensitieeegimepSinglaobskrvations’ican be made in the case okeritive
regime. We note the following points:

1 The diagram area can roughly be divided into two zones separataitigg & topleft triangle where the
sensitivity to emi sABd odmateend aubottosightariangle Whers thessensitevity tofi
BA dominates. The slope of thielge (larger or less than one) informs on the type of regime.

1 Inthe case of a single-gensitiveday (top right) withEaEg(100)=2Es2EA(100), the concentration of sgound
C remains unchanged for emission reduction&®fup to 50% while its concentration react in a linear way to

emission changes &A from 0 to 100%.As-concentration-must-drop-to-zero-forfullreductBeveen the
base case and a reduction levkéithe0%, theA-erB-alewer-gradientforB-than-A-for-small-emission

reductions-implies-areversed-behavidartiierefordargerthan theB-gradientferB-than-A)-for. Thisimplies
that theB-gradient idargerreductionghan theA-gradient betweethe 50 and 100% reduction levels because
we know that for a 100% reduction of A or B, the concentratiost bezero.In our simple example, the
gradient ofB is zero from 0 to 50% but is twice as largefasom-tbetweerb0 to 50%-emission
strengthl 00%.
1 While the combination of several events (e.g. days) characterised by different regimes leads to smoother
isopleths (bottom), the same characteristics can be noted. In particular, the inclination (tending to the horizontal
or vertical) provides informatimon the type of chemical regime.
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Figure 2; Summer (top) and winter (bottom) concentrationbasecase fields for SQ (left column), NO, (central column)
and NHs (right column) e x p r e s s e d-3. The symbuols: Beg Manand Bo represent the locations selected for more

775  detailed analysis: Bergamo (Be), Mantova (Ma) and Bologna (Bo). Other cities are indicated by their first letter for
convenience: Venice, Milan, Turin and Genova.
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Figure 3: Winter (right) and Summer (left) chemical regimes obtainedat-afrom an emissionr educti on | evel of U=
The maps represent the|ty [ |k > ( u n i 43 m3pinglicator that shows the NQ- and NHz-sensitive areas irblie
andyellow/red and blue, respectively. The symbols Be, Ma and Bo indicatthe location of Bergamo, Mantova and
Bologna, respectively. Other cities are indicated by their first letter for convenience: Venice, Milan, Turin and Genova.
790
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Figure 4: G-ratio for winter (right) and summer (left) times. The symbols Be, Ma and Bo indicate the location of
Bergamo, Mantova and Bologna, respectively. Other cities are indicated by their first letter for convenience: Venice,
795  Milan, Turin and Genova.
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Figure 5: Yearly averaged chemicaregimes obtainedferfrom a 25% emission reduction starting at different levels of
emissions corresponding—ad)J=0, 25, 50 and 75. The maps represent th#;( K ||-g , between the starting and

ending levels ¢ n i t/m3 me)ghowing the NOk-and NHz--sensitive areas irblue-andyellow/red and blue, respectively.
The symbols Be, Ma and Bo indicate the location of Bergamo, Mantova and Bologna, respectively. Other cities are
indicated by their first letter for convenience: Venice, Milan, Turin and Genova.
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Figure 6: PM2sisopleths during Winter (top row) and Summer (bottom row) at the three locations of interest (see maps).
PM2sconcentrations are expressed ia_g -*as a function of the intensity of the NQ@(Y-axis) and NHs (X-axis) emissions,
respectively. The overlaid dashed oblique lines on each diagram connect similar Bbtoncentration values for single NQ
and NHz reductions. The more vertical are theséines, the larger is the NH abatement impact compared to the N@

810 abatement impact; The more horizontal they are, the larger is the N@abatement impact compared to the NH
abatement impact. The dashed line delineates the ridge between the Nkhd NOx sengtive areas.
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Figure 7: Wintertime isopleths in Bergamo for the species: dry PMs, Oz, NOz, sulfate (SQ), nitrate (NO3), ammonium
(NHa4), organic matter (OM), anthropogenic and biogenic secondary aerosols (ASOA and BSOA, restieely). The two
numbers on the vertical axis indicate concentration values for the base case and at the 50% NOx emission level.
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Figure 8: Yearly mean nonlinear interaction term for a 25% reduction in NOx and NHzs. The map-{left)}shows-theratio
G ehornostacs E;lcatter plot compares the sum of theotential impacts of the twosingle reductions (X%axis) with the

potentia[impact of the combined emission reductiongg/m3u n i t :-%) (¥-gxis)nDeparture from the 1:1 line guantifies

the overall nonlinearity. Each data point repr esents theyearly average values foia grid cell in the modelling domain.
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830

Figure 9: Wintertime maps of the overall nonlinearity t erm (top left) and of its componentsexpressed as potential

impacts between 25 and 50%the single NG non-linearity term ( SNO«--top right), the single NHs non-linearity term
(SNHz-+bottom right) and the NOx-NH3 interaction term (HNOxNHs-i-bottom left). The three locations of interest:
Bergamo, Mantova and Bologna are indicated by their first two letters while other cities are indicated with their first
letter for convenience (Venice, Milan, Turin and Genova). The hand drawn contours roughly indicate theentral position
of the NHs (blue) and NC (red) sensitive regime areas (sdeigure 3 - right).
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Figure 10: same adrigure 9 but for summertime.
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Figure 11: Changes of the overall norinearity terms from 25 to 50% (top), from 50 to 75% (middle) and from 75 to
100% (bottom) in NOx and NHs. The overall nontlinearity is visualised as the distance fronthe 1:1 diagonal, i.e. the
840 difference between theoverall potential impact at two levels of emission reduction, Xand Y-axis. Each point represents
one |l and grid cell within the domain for wint emtesitmslopg bl ue) a
of the regression line while R2 and RMS provide information on the coefficient of determination and the root mean
square error, respectively.
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Figure 12: Monthly averaged responses to NEl(blue), NOx (red) reductions (25%) and interaction terms (grey) at two
locations: Bergamo (top) and Mantova (bottom). The right panel shows the monthly evolution of the concentrations of
NO2, NHsz and S at those two locations. Note that concentrations are normalised by their avega values.
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850 Figure 13: Isopleths for a simple theoretical system consisting of two emission precursors (A and B) competing through
non-linear reactions to the concentration of a pollutant. See details in the text.
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