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Abstract

Exceedances of <critical Sdnoda dnsi( t¥r)oorg eédnef pof cesrietnit o ne coofs yssu leprhsu rwe r e
est i matBEeud oupseianng an d eNwosretnihb | Aerse roifc gani U R thaume i 4 yo fmotdled sAi r

Quality Model Ev al uatAiQME )Il rtt @ rindad n toinfay wWwhmearte artii svlke df

expected to ocdepodiatsiedn e s énometllels evse nwebrye ¢ o mmo n

emi s@ainadnd ateral boundaMgdebmagtrpatwewap ot £ommon North
American andr €soldptnia® msh2i5c h wetroe ctateciut uasteed | oad
exceeddanwlasgaeteodsi ti on mpil agneos tidab lpavQMEIplrecedent ed

| ev @lo-sd fmu laantailoynsi s t @anle fazridiedtewdtpebefi denbutiesabion of
mo dtetnod el variability in critical |l oad exceedance estimates.
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ecosystem harm

New—d-Dtad saksee sNort h American critiwatbenrdoadsatoc acidity for forest s

ecosywémrensatfeids f @ama ltTweacseembi neé dhewietmls embl e deposition
preditcd isamswbstanti al decr edsoec aitm otalsec e®@ida@me®nd number of
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4 the direensemhbéedlhacge bet weerfh@0MOrahdAdOMnGCcan ensembl e

45 al poedidcedcecrderasleot h severity and ttohtealy eaarresa 2 Onl Oe xacnede d2aOnicée bet ween

46 fmeutrophmpaetedyish emis(es dJiSSAI t i ve :elp8bpth§%)BTchel i c hen

47 exceedamerelsadeocus commesoi eéigsedcheewsen 12306199 oand 2016, from

48 3 9% The wuncertainty associated with the weoreteh American eutrophicatio
49 sharp differencesoobhet peemdotché oNcd ®Ppmhsa mgeod and t h

50 deposarnd oinearhee predi cted eutrophicati.olrheexuaeodemmes between the two

51 ensembl e wasraebati teexlceresdthartiidcs cafl | oads with respect to acidificati:
52 (4.48% to 4.9832%2Wwhli@lpet 2 @pbkcaecedance incraeaased slightly (60. 2

53 62. 2%) .

54 Whil e most model & asilgne wcerdi ttihceals almead exceedances as the ensemble bet
55 two years, the spatial extengnahbemagbdptiilde wmédekxkseedances varied s
56 reasons for this varbidtireamnkwegetéreramiehadi ve denairi bution of differe
57 sources of sul phur nandrmist rod g are pdbtesq adeedlt immasrsi aabnidl inmtoyd eiln

58 that deposfi ¢leldo wedaslbygsiM@eE Irl 4 djad gomas ¥wai ltshatthieon o f

59 mostcent .l iterature

60 Al |l momdedosth the North Amerhiacdan anmedgus irvoep ebaina seenss ewnbtl he s

61 respect to obsefved| wbeatdepaosiiralyoneo sanedcleantaenodat u me

62 suggesihbitdhsastméamomsuf ficient c¢cl oud scavaenndgimagy obfe aer osol s and gases
63 i mproved through the incorporation of multiphase hydrometeor scaven
64 fr amewohreksi nability of North American models to predict the timing ¢
65 ammoni um ion demasi mumnwéAwphhielkd venddelasupeedicted

66 maxi mumay also relate to the need for multiphase hydrometeor scaven

67 scavenging in all model s employed here). Hi gh variability in the r
68 sul phate, nitrate and ammonium deposition fluxes between model s was
69 particle dry depositi on Howeweerd e triezraattiuones ainnd sfoumet hneode |l s .

70 devel opment of some of ¢ bhegtetmddssel sp awittihciunlbatthee beinasseensb Ineay al s o

71 ameliorated via the incorporation of multiphase hydrometeor scaveng
72 deposition predictiopndarHive@®@i depygswbsohampdiedmeébeSOzati ons,

73 diagnostic analcwsii x| sshepwedpi dtohare yshedomi nate the deposition mass

74 flux of t huerdtehesrp encoireks i mproving parameterizations for these depositi
75 reduce variability in modeTheacaibdiefnycien go fg absa sdee pcoastii toino nc heesntiismartye si n
76 some models was shown to be ianemagoadre d wlcataen da mmemisimi ve biases in

77 partickennoentMadckelosnsempl oying ammonia bidirectional fluxes had both
78 the smallest magnitude biases, depending on the model and bidirecti
79 careful anal ysis of biditrhewtdio nmppgerf fllikmanode | maysuggests that

80 wunderestimatesemheséwnentf | okeNHfrom forested areas.

81 Modmeasurement fusion in the form of a simple bias correction was a
82 This generally reduced variability between model s. However, the bi
83 need for observations which close themesauslupemenand nitrogen budgets
84 fusion. Chemical transformations between different forms of sul phu
85 sometimes result in compensating biases in the resulting total sul p
86 | f mmel&@durement fusion is only applied to some but not all of the f
87 deposition of sulphur or nitrogen, the corrections may result in gr




88 accurate results for an ensemble of model s, for those cases where a

89 component contributes significantly to predicted total deposition.
90 Based on tmeisecprecadsdsar ah fbevueforethecbdwmméodvedgf or

91 model pamwmd esseobservati ons which may assist in model evaluation and
92 mul tiphase hydrooralieroe d swiawhe ngpldeyt derdyt idcel peo saintdi osno i |

93 deposition pathway albasetbamsi 6norchemd8Byyngndaembssi ons, and

94 bidirect.Qonnaplarfilsuoxness wi t h satel |l it eseonbissesrivoantsi osnosu rscuegsgest that oceani
95 should be included in relghenaHoiche nifcalland anse odat antvadsed sempl oy ed

96 within any given model was shown to significantly influence deposit
97 employing a common | and use database across chemical transport mode
98 recommended for future work

99 I ntroduction

100 The con€Ceptoagdilwva § i r st proposed as a means for evaluating the ecosys
101 the deposition of sulphur and nitRarnogee nfriam srbosumamse tAd rt he Conventi o
102 Pol lution (CLRTAP), an international agrwlkeimemt for mitigation and c
103 entered into for2B. nThée8Bo(CeERTABN D20 ovided some of the initial i m
104 devel opment of-quampteghen®iieV eodrd &asn profviadsetiamati ng t he

105 deposition fadmndkersictodhhdgdampimgr chemi cal s afayaretnhr opogenic origin, whic
106 be used tlhe esti mesopoynsdtien@riimpaatls.l oad exceedance esti mates are the
107 broadly accepted met hodol egyps fheatrrermisd & enchd ti fnigc a thieomp oareadti al for

|108 eutrophiacait ooal |l oad in this context was defined (Nilsson and Gren
109 quantitative estimate of an exposure to one or more pollutants belo
110 specified sensitive elements of the environment do not occur , accor
111 definition is parsed in detail fornrehdeSapphetamntabr with the Crit
112 I nformation (SI).

113 The creationf of aciidnéiadhbd iomallscul ati on of their exceedances is base
114 concept of <chemicealt adheahrigne sboailla nwaet esrtheeardfyh guasi of ecosyst ems. T

115 anions and cations ent er itndgetoar rhieraes i whge tame re caors yesxt ceems sa rcea tuiscerd f | u x
116 i s available to the ecosystem, which could balance anion fluxes ass
117 Anion fluxes added to the sydtoemsf odmdamptolsi ¢ padgesnil phsiouraanes include
118 nitrogen .notfehden eShiowieng f o(r&wr efadepmedtionrapidly oxidize and are
119 treated within cas tsiudeplh altvoedtdy oomad Iceu | caft idoenpsosi t ed sul phur is assumed
120 to be associated with two n¥aat)ive enhtaer gehe asx ptotsd td winp fdtuex iisn, SO
121 trackéedhrge equival ent sefyeth achddncttaairrei rpe rf ofrédddsr of deposition

122 are assumed to rapidly oxi-dveelyamddapesittredtmridt acgeme nitrate ion
123 (including those ofi sanmmsosnu me da ntdo abmemoans suoncpifat ed wi th one negative ch:
124 ni t r ateg oisd MNiGom) ) . 8adet bat i( &de Mys K tainydn dNrae

125 included in cri(cotakeBGomdngpnl cotatponate anthropogenic base cation
126 fl uXd®e ant hdopodgidtuixens t o the ecosystem from the atmosphere are useoc
127 cal cul ations of critical |l oad exceedances. The critical |l oads t hem
128 at mospheric fluxes as wel/l as .ot e iteetremgsltfegadyf | uxes of anions and
|129 st atesmmpbk e bradddeBdvBi) deflt en us esdr ff acareifwiain el |l oads for

130 terrestrial ecosyst emsBG@e.Snestdndea pr eal neda sDee Vorfi esso, i 11 99ads)e, cati ons due to
131 weat her-mamgi,nemoanhl oride deposition, -btanvashimg of base cation and/ or
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bi omass, denitrification, nit gofgfenv olmmoeb,i ltainzdal i @l iue the rooting zo

t eodnoutm base cati on tAog uaatuinti neucno siyosnt ernatciroi t i c al |l oads with respe

aci diutsyuadallegcul ated 8tbBhe Wwhéeest eatehiri-ses l gr (SSWE)t vr
bal ance (FAB) met hodol ogi es ( Bl@dner iVirsi e2efl 1a5n)dr Potsic éir, 2001, CLRTAP 20
si mi |l ar a pbpornoneet! hRalisl. 4() BThw@aks se of the di fference between an

estimat esalft therasedti dd cmte on concentration of base cations in the s
aspeci fied biol oaicdal nierudiraldit miri tngp lccavpeascdhtiych no signi fi cant

damage is expekEA®Bdt hodaosksougnye.s tThhee runoff fl-uxes at a | ake outl et ar e
bal ancedsemumlodtfed erms to fluxes of ions entering the | ake and di men
andt éroms for nitrogen i mmobilizati on, nitrogen growth uptake into v
atmospheric deposition, and weatltceriitidc.@L)Amacdver vi ew of the above m

estimation, and how they are useGLRTTPARRW2k®ett i ng exceedances, may be
al(2018) and the references therein.

Critical |l oads of nutrient nitrogentéareditnHdiurx e@eXceedances are used
rborne nitrogen +dhaseldt ipm@pcies sekaspeaniesgsoiwlt h and inter

relati dins h-bogenhai ning gases and aerosol components may be directly t
ndi vidual pl anthialhee accomamul speones®f nitrogen (increased nitrogen a

maglslbange species composiotieodi atred ed faft @ ovtes adfu nadaincief i cati on may

clude eutrophicati onds uasncde pstpebciileist ymayo hsaevceo nidnacrrye asster essor s such as

ought, frost, patho@ens &riherchilvoomads( CloRTAMe 20t rophication pro
sociated with nutrientmaryi mas@ensrerobE&SeMBE 9fr i al ecosystems

del This cribtalcaanl ¢ & owtdh émowxds of all forms of nitrogen deposition
ol ogi candofilkabgenagdeaweptyiséoem nitrogen | osses (i mmobilization in
ganic matter, removal via harvesting of vegetation and animals, f
enitrification), erosion, combustion, ammonia volatilization, and
ol ogical fixation, soil adsorption, combustion, erosion and ammon
gligible, and denitrification is assumed to be l|linearly dependent
itical 1l oads of nutrient nitrogen dependent only on immobilizatio
ani mal species acceptnablreo gleinmiaimdfsen |eiovmagegéee m eaching

endent denitrifie@@affhenatcaptiabhe( CLRTAR, f20 nitrogen concentrat:i
|

can range frbm depenadiwmg t @nClLvRIGA2RR A tRfOo Nt hgpe
ns ohggadtriomatiicati on is via comparison of measured nitrogen depos
osystem damage oveGQeias tl2dllg%esS imukn@dlr6 )o.f sHxtceesedlances for

D T T

eutrophication in this case may be estimated as the differences bet

d the dlhsedvatriomncal |l oad.

niom edpel 8menlioctadc aclxceedaace cabociuddt oowpeaieng basi s
otnhgeoi ngcbhgml eabft r anspproorcte snso dierfiphréoCiTeMgeauritt s of owur
alyses should thus be considered a fisnapshoto of the state of bot
owl edge at the time the simulat(ion8TMsnd critical |l oad data coll ec

merical ly i rottd gireapteen dtehnet sdyisftfeern ent i al equati ons describing the rat
chemical speciiresoricdert hteo agrmediphtertehe changes in chemical concent
position over ti me. This is wusually done by breaking the net dif
to component processephd®e gchandivetcrty,oni,nar ddnisd omar tgiasl e chemi str
y deposition, particle microphysics treating the nucleation, cond
rticles, cloud processing of gases and aerosols including wet dep
Il ved in sequence to determine ©OPe f HoOweoeest atbeok ke at mosphere
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usually not a complete scientific consenseypspioong the best numerical m
for each of, tdwmedeatedr wge eesms |r émr esemawlitdarny in the model s

considerably, depending at times oavekktabhal focon€TMaints such as th
si mul.alrthiemn $ pirdbweaelsses are usually ev@lrwoastegpsedc ibfaised on | aboratory or ¢
data wher ever tphoes ssieblleec,t ibount ooff taenspeci fi cofpresncess representation wit
based on comepapietngnisr eof CTM rel ative to sUhifsace or satellite monitori

|l atter approach may allow compensating enrrads in process representa
20 1Hly;deetr ,2a0l 1HBu;a @ g ,2a0l2.1; &1t ZalPtTehese consi derations may contribute
to the resulting variability in deposition estimates from the diffe

conductedhheardal ynse mso doefl di agnostic ovgmpadessadded for AQMEI I
ah-alt yastitsetmptdet er mi ne the key causes of these model deposition estin

The ongoing reevaluation and i mprovement of CTMs is aided by ensemb
models driven by the same | atewxalmplhoendamyl &aval em@it®sli ons i nputs are
against obsefQuatliidrys ModEeHe EAiarl uati on I nternational Initiative (AQME
mo d e | CTM ensembl,e teivrdlaeet iThmrh anaBi ad QdBElIiez e d

| argelliyneo frfegi onal model s used for research and public policy suppor
2006, with common emissions inputs, in both North America and Europ
participatehngnail®al.marSubisequent phases of AQMEI I examined specific i

CTM communi ty:hadQaMEIlilts focus t he -gewaalliutayt i porne doifc thiodrhs weat her and ai
for full yl icnoguwpdieidt,y omo dped rst,i cwmhleartee tnmeet t er gener ated by the model s on

given timestep feeds back into the coupled model sd6 weather forecast
formation pr oete s2a0klsh YQMESBII madrdirreissed questions of hemispheric transpor
air poltlhed lamnttisve contri butange tifoawmgplel tpr erds g eldome!| | ut ant

concentamat itdhres,r i mpacts on (&ad swats i2a@lih. 79 nd human heal th

The viamiengerl|l ying scientific theory encapsulated within CTMs and t
i mplies t heconnepeadr ifsoan cafoscsritical |l oad exceedance predictions from
As part Bfl4AQUEINIItY models were used to calculate oxidized sul phur

reduced nit raomgdenhadregpe sEW iormi ( Vc & B h £2a0kh1d8 )e.x ¢ eTehdiasn c e s

compar egeanligghh degree of wvariability i.n sTihreulmotdeed swet and dry deposi
with the best performance relative to dbservations were used to pro
Afreduced ensembled in that not al/l models submitting output for the
ensembl e chevweadoave,veowvear . wiedlhice dt,eimoembl eari ati ons of over a

factor of four in both sulphur and nitrogen deposition could be see
t hper edpetednt area in exceedance for sentswa ifvoer ecosystems varied by
the best per{tVovmeatt@aOmMmdBdeT e hé grhe s glhtt*d mbdel arge range of

dependent variability possibbet i nhhercaucas foadteatceeadrminalei leisty mat e

and how it mweghei mweesteimgatesdd si gni ficant extent.

The study protocol AQME) A®MEE | pdepritegyrs eitploe slear ge

variation in modéel p®seispthionma teendd Vinelth dI@.£& Selt a mad o

(2018) amered (ROROJAODMEI | 4 protocolasiwell eargkys oamotitvaned by
in simulated ozornltardkeemrallt.bonZhetyocahmWaisnewed

emphagdgihe omportance of speciCifiéton@R@d@dbdposition pat hways (

AQMEIlhlas t wo mairme qicdn asli tmmedel iant ercompari-son with enhanced diagnos
phase dry depesiZldadln) ,( Gard dnakmi sdidmgpe rievoddi ei o n
intercompdpirsozosntudyy depositionhClaitftts@aa@l23%) wi thheozone fl ux records

p
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current work continues tHdeivegi bpatommde]|wiotohhdacypympandsbhons

a fbeogwritical |l oad exceedancesaniloa hafci alddiyt iaommaleut rophicati on

di agnosti cs utnod edreltyeirnngi ncea dtgheesd efl orv atrhebmdddly in these exceedance
esti.mates

As described |l ater in our analysis, two processes account for much
othe total depositi &pgnodigpfpal pholteaddyndepogehi 6n and the scavenging
of particles by depositing hydrometeors. We note that subsequent t
the model versions applied in AQMEI I 4, new parameterizations for pa

avail abl et (2@ )y somoimppiaprietei cl e dry deposition velocity observations
compared these t @otmme npdkeasstgetth2l0.04 ) o faR dllbetiitvhem.t o t hese
observatioats,(a2toel )Zdmger it hm t ended toov eogveetractsetd mat e deposition vel o
surfaces at smal hmerdipametiecrl)e, swhzielse umnder.edsti mati ng the deposition
particles ben)Beerr hlraip@rp #t0os P019 noted that the relationship betwee
size and depibodifbapthurvel olbs ¢ sbved dvereenl gtairanscHiepsdieposi tion,velocities
and particle size, especially ar odhe—takeuamud @amiuloati on modeodo (Clifto
mode—of atmospheriec—partiecles tendto—pooerty capture the relationsh
ahd—partiecle—size +ndtheaBBmemuwtafa2l020mModks ¢ Chotf edna

substanti al overeg sta2l il e mwdr ttihel €hdhengosi ti on velocity over water su
relative to obestrr(aa0t2i00n sp.r o pomseerds can modi f(a2e0d 1v)er si on of the Zhang
algoritdémonstrating a better fit to the ensemble of deposition velo

bet ween the two parameterizations were substantial, with decreases
summ range of one to two or deetr 62208 dmagsi muwldei pleé¢ atave @©He Zhang
typesand increases over vegetated surfaces of wup to an order of magn
tomhO The deecnmmedeposntsoh vel ocities might be expected to result in
concentrationAcobtimAl akeont mothedpahtosetlmisd, and decreases in
Accumul at i on -nmooddee ptaor td ocalresse. Ryu andetM{a8l@®@22022) applied the Emersor
parameteri za€hem modeheg WRBoOBOUMWT et hamskHN incr[Formaned:swscrim J
whil e PM10 negative biases were partieatl (afl0.82)set with the use of th
al ssexamined aerosol dry deposition velocities in the context of the
in accumul ation mode dry deposition velocities of almost an order o
overall r edeiocncieont riant iPoMVis, andrardiicrp romv emeutr a{Formatted; Subscript ]

work does not necesseati(ay0x0)ntrreasdulctts ,t hvv:*zhiEcrr‘neris{F . . }1
. . . ormatted: Subscript
PM maistsh wt he Aitken and Accumul ati on medatgheen T |

mi-Accumul attibcar geadesi zes m@pyrdomil eatde posert itome vel ocity decreases

bet wedAht kba-Atoumuldati on mode noted in tehte aolb.servations coll ected by
(2020) .

Studiisesng sectional aer orseodefmretulnyd t bpt esemptravednaehasel deposition
velocity algorithms need to be combined with i mproved wet hydromet e
i mprovements of regional model performance. Ryu and Min (2022) fou
Chem performance resulted from a combination of wupdates (when the n
combined with updates for c¢cloud scavenging employing cloud fraction
parameterizatioan fSemaveelgowg i ncorporating separate terms for rain a
rates). eGhadr2e mam updating the cloud sevACeHngi ng parameterization o
model, noted differealesdi ascaaemgiamg msatoevs befl owp to two orders of m

bet ween the ptempe-babpgadragpnpd ti &fdi r a ta(n @ 8n8eln)e
i mpl ement ed pamualnieitpehrai szed trsisoany Boefgunder | yi ng met eorol ogical model

Cc
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antdhe empirical scavengenha2Pgrdg e tf  reir zantcrieastneisnf sWaarvge ngi ng

were foasnhdohgl pedependent on temperature, aerosol size, and the pre
parameterizations resulted in an J2odveeroasliltwihi@mper otvheement in perfor mance
Emerestona20.20) algorithm was employed for the particle dry depositi on
runs.

A |l arge patrttomoodfe |t hvea rmoadbeill i ty and uncertainty resides in the above t
d e monsitm ad werd. Veen anleyxsti sdescri be our methodology (including an overview
AQME Imod e | domains, descriptions of the construction of the critical
descriptions of the model s, tBarr ahnafpiyrsssts apigdel sbeoormtedary conditi ons)
estimates of critical |l oad exceedances for two different simulation
exceeeandaeanated using ensembl es ofThreo dbed| kdheepfio stihte oann aplryesdiisct i ons
examindsvidual contributions of ditff&eotealt d¢ap edhiuri amd nitrogen spec
f or eacahnfdooohdee | e n sheebdaeuses of the differences between the models are
through procecsmsdlam@| 8¢ ruedsgeuarr ch recommendati ons based on the
analiynsiasrodermprove the perforamaneeulvéarii rdddbitvwietlayn! model s

their estimates of critical | oad exceedances.

Met hodol ogy
1. itical Load Dat a

Six cri(tCltymtlad ®otasdd were used in conjunction with our ensembles of
estimates. North American CL datasets included terrestrial (forest
continent, aquatic ecosystem acidity candi-®A | oads combining data
specsiefnisd ti ve epiphytic |lichen species and herbaceous plant species
European €bhbmbanedeCs informatiomedfresmdimadgibapie countries for

ecosystem acidity and teArbstefabusmsithsdysabbmebatoepti cati on.
instwiork is igruddsdedphébes met hodal gy caartehc
provided in thel Suppl ement, section

North A@lersitd dnaviesrse geirsé magt eche Si mpoéa@delMass Bal ance
(Sverdrup & Warfvinge, 10909 0empSvoeyridsaguype ada D ek tvamhiess Wi9t9Hi) n

the U.S. MaNMulCtay a8dtad ,;@lR.8 1 8 e2 Oeltl ,aPIR.6.Ldn e20hH6 ., 2014
Sul |l i v, 1208In ;CGat P‘acla,lZD?Z@]bZaé.Sl (pSruopvpi | deense n t ) ‘COmmented/[Kpgvm] £ f NBTFSNE
met hodol ogi cal i nf osruncaht iaosn tfhoer htohrei szeo nsttau d isepsa,t [Ff 6SNB YAaaAy3d FNRBY GKS Je
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vegetation survey plots &4&i oekis, Badlil.ttfn) o g e Anldeespesder vabnogr adi ent s
approach using median quantile regressions for herbaceous species r
employed, to generate critical | oads with respect to nitrogen depos
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systems ranged-Nhrdpim 6.1 to 23.7 kg
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2 .A0QMEIOv4 rview Description

The setup of the AQMEI 1 4 regional mo @ ¢ | (a202milp)a;r isson i s described in
brief opepovi dad@dehemael s within this analysis are a fisnapshoto of re
transport model development as of the time simulations were compl et

Model simul at i ofnosr wetiéelyreaarnrsi ed0 DG t.f o 20 NDramd A2n@1 0 c a
for the Euroapredan2-0riedgiaonnd—2.0Nlo6r tfho rA nmeorritcha nAnyeeraircsa wer e chosen due

to policwitéal avangai firecnastsi omangenitmo$® enacted between the two yea
The European years were chosen due to a |l arge difference in meteoro
2010, the latter being a year with unusually high summer temperatur
side of the RBasrsriiamp ddetder a20bh) (|l eading to increased European fores
and emissions during that year (JRCan@oOddgcipiThaetJahy 2009 and July
anomalies relative to the base year period21961 to 1990 are shown i
(NCDC,)ZB@gMecipitation anomalies in Jultyhaf thkheh year are | ess sign
temperaturesamomarigs the differences between the annual average te
precipitation anomalies between the two years is |less significant t
which follows, the differences in simulated deposition and critical
bet ween the two years is shown to be relatively minor, implying tha
relatively small proportion of sulphur and nitrogen deposition in 2
anomalies in 2010 did not result in significant perturbations to to
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Mascsonser vi ng (fioata rec @rotl raatiioomns and fluxes) and nearest neighbour inte
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European AQMEI 1 4 gri%s.0°rl&del Uit omrr ( MeNvtthoOAIIBR2E ca: 23. 5
N, 9V G o °W;9.BurdN\pd 65 00t PEpWVal ues extracted from the AQMEI I 4

grid | ocati acrosmpwaeries ons eedo fodbrser vati ons. Model s made use of their ¢
dri veerlsi noer ment eor ol ogi cal component s Moarel metsdham @®ldogi cal field predic
common inputs for emissions andlTehhee mrcapr ohvader al ubotimdaary condi ti on
chemical forcing and prevent input variations not associated with t
simulations results.

North American anthropogenic emissions were generated using emissio
included the anthropogenic inventories, temporal and spatial all oca
|l evel to native model grids, for each of the two model years, as we
inventories by year. Emi s sUina rt se dp rSd caet sessi rEgn vw a so ncmeernrt iad d Pa wtt elcyt i tone
Agernfoy Cahleon Bond; 6CB@mltiastieoanni d3e Air Pol-0nmti on Research Center
(SAPRCOG@mi cal (Yaao wemidamd 1Mart eran@0BPdPBmMent and Climate

Change fCamAdimeé Deposition and OxADBMt; Metchhakiweslm vetr salon, | |

19808pte that while none of the modelling groups made use of the SAP
their simulations, this mechanism wansdisva ndeutailmenso dueslesdd as a starting
VOC species, due to the greater | eveEuobpdanail available within th
ant hropmgesi ons WwWeretpeeparédci pati ngbynbedel sé6 chemical mechani s ms
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Composition and CIl Ipmpotjee c tpd(rRadleBnd g nNMAWICt h i ndi vi dual groups using
their own e ntihsesipoonrst idoant ao fg rotielket i erio dniyattgi v et hmeo dred nge of

MACC lelmi ssi ohsngcedsary.

North American fwer es g efdeo mbtieniliefgye minssi ons model | ing platform
values with Canadian data for 2010, while both USA and Canadian dat
emi ssions model | i filgefparactdtoirfasieesnt 9 mantelsuded criteria air contaminant

emi ssionheatssf | ux, Fiamlelu mec rreiss e uaoganledu lbyt ii oms vvelmea l carri ed out
modeling grbaped bwplaabgbkystack plumeEuriocpedmr mul ae (Briggs, 1971,
forest fire emi stsheonki nweirseh pMeotve odeeddh thtyi t a et ssfromt 80Ousbng

6200m. Bot h North American and European forest fire emissions were
participatingamdodnedppendg ogmr oaupmsearest grid cell basis to their nati ve

Lightning NO emissions were alGEd Apmesndhillyed | i mah ot mgdgomai ns, based
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verticall yetf p2I0b W) ngy Ot hdi vi dual model |l ing groups.
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participants to their own vertical and horizontal grid structures,
chemical speciation.
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he AQMEI |1 4 protocol for ensemiglaphasaetspephaesd included the reporti
erodynami c, bul k surf-heaej nbheymababganmpy obhgy adnt quasi

esistances (when preEsépttimet bhenseépbthlnd;e gCtlfibfdtad np t

12020) and eff ecteity2a0 2wlewr xee sa | (s®a | rhdapea red iid abgt ntoesrt itcw o

erpmsovi de the r ol &ftto wrepadbinway buas 9pbaaeedewbsht gas

owards the deposition velocThyg fodrtmei depashwapysa Ffhokudeespective
oil, the | ower canopy, |l eaf cuticseparoatreetr st omat a. Note that not

anopy pathway (the conductance associated with this pathway tends

ustificati obBffective fabgseas edcr ietlocalmbdeaadd cawud aandlngtswirse,st t o

since they provicharigref edap tviad teendasa rofhadsidriftearceentt ype s

Ef fectiivreclfuduexetshepr mpaeeseaddi oi oearto deposition on the concentrati o
hencrehe net flux of tvhea ddgEPsHotre delixdnsespd er, nt | ower

o v~ o T oo o

canopy, cut ieflfee catnidv es tfolmlaxead i n the Wesely (1989) dry deposition par
given by:
‘000 @ diils I 0 19)
>y o L Ly LNy
‘0"00 & e 0 21

‘000 ® "0 (318)

‘000 ® O (422

WheFies the net f | uxrttea ntsh earseurrfeasc es,t aanncde st messoci ated with different
of gas mass transfer tigadrhedymami cumdsas et rcampfoere nwist {i n canopy,
dependent on canorpsy thheei gshoti Iraean gudelanesaiédnyb,pyt Buoyant
converceasiosdiapsest ance laesasvoecsi,attewi gnsi,t hbar k nancheot her exposed surface
|l ower ,ca@arecpytanaed oifrellreaad!l t hy vegetatri oheahd other outer surfaces
st onmat dimeas op Mylel )ef fective conductances can be generated from simila
t hFe er m i n 18)q utahtrdibdungdhe(ii(ng r epl aced by th/ee Noéposition velocity of the
that the formul aeyfopomi hdevwedsaly moptde84) vaxample shown above; see
Gal meri(r@il0.21) forfdemali &6 ©Dorpthhaasceh doefp ashiet igoans al gori t hms wused in
the AQMEI | 4 r egi ®amnaal ynzoedde | h eernes e mb | e

2.Model Parameters zation Description

The modeiM3 DCEMAQEVAGERFChem ( GEBWACH Bas e)MAGH M
(ZhangWMACGBENM ®REQh,em (B@RWRFChem (UCAR) provided simulations for

AQME-4 | interpolated to the common WRIF&h M 8(Elh Ameri can domai n. The m
LOTEGESUROS (TN@hemWRRPM) and CMAQ (Hertfordshire) provided simulatio
AQME4#] interpol atEad otpe atnlS@ menmdmmaomnh he model |l ing frameworks wer e

repeatped,cebswst i mpl ement ati on det ei lismpwaecrte ofartiheedsei n order for the r e
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nces to be examined.

We describe each of these model s

(CMAQ, -MRAECNH, -@MReém, LEU®ES) |,

2
T e t
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[ s ol
mo d e |

Sk amae to

. TMAQ3 DIOMAGTA EEMA Q

hmakemoadel - &REQ FIfi n

e

accor

bel ow. [Formatted: Font: Not Italic

J

(Her tiwRFGIMAQ mel)ement ati ons

model | CM@Qf v &JB8 EPAK (

hes
202w0i)t)he North Amer i cGwA @D ICMAENTIAaRE eomsil §y k mg
erl d

uandnt he EU i mpl e me arltdastoiloutairadmgpd to yCorgf d r0rkanl Coni c
pro;ectlmmm065g9r8|2c99credsip);ectCI‘M\A@Irryplementaediﬁns empl oy
ayers with the | owWeAmbdbhpgente-hinknasefbd6f ~20m. Bot h
conflgurah'eomraim\eiimlg; weat heut NaWRE&AHsT EmIDdWRF 4. 2. 1,
i mptememeapsbamaschemical

,23011.9) AIAMAQ rneoed e |

a

mechani sm (Car boent ,P2a008) P ;
t hmea &3 nkows ki and, Roesrdd el
al2021;

partitoeeminghatriglhecces

c 0o mp o Ke(attMg *N H*-N 4-S @-N Q- C1- H0)

(Fountouki s

Foal | three

for the

u

umodeh aerosolwigihze distributi

on re

RI0OBophysi cAppelir ough the AERO7 mod
Bi nkowski and &th R2a0gr tahnddd é6dy Vvamkamalgui |l i bri um

5 hheSQPORRAORII Agor i t hm

modelt hempil mme o0d ears dymlaesi piurdgsdacfap Ir é tesl ou't

Aitken mode mardt icmtadres,ep avhti il @l es€ cmanp | fad i mncl oud

condennsuactlieniasul ting in thei
2008Bhaumelrd84dafkcahey )eAeradsql

2

r s c a(vBeinngki onwgs kvii aa ncd oRuods edlirloep,| et
Lcda&venging in the Aitken mode

bet ween gas (amvdolavirmgottheehases species

a nQir g\aenni ecs ,a e2r000s70)l. f or mat i omo daenads endonot er pene oxi dati on
descri bedApgk tABaRI@Xue ¢ ,2a011.8) .

ar

nucl eatio
is carried

simpkponentimabmbecaysfionfrace area and mass concentration assuming a
settling velocity based amcscRaumeppachomudamdd ol ettt s 27 &) stri bution.
Only Aitken mode parnmi di @smeitnepagtawenale dalnitych 0. 1

cloud |liquidawathesciayeing.ciWedgd dgedproczmeti @mr of al | aqueous species is
representoerddears laosfsi rrsat e based bbinqgwahtée rprceocnitpeintta t(iFoanh eryateet and t ot al
al ., Th®1 hjumber of ¢l oud droplets is pardmetmeri zed foll owing Bower &
the cloud |Iiquid water content provided by the meteorological model
The three CMAQ i mpl eamgotrathoss ednipfl Qephda sieocrdhmyer osol and

deposition algorithms.

CMAM3Doéger drsy | d e pnoestihtoi doosl olgaysBei ch koonw s k i and Shankar (1995), with
updat es asVede&sadrriabme da nidai PIreii na ((#198XBP)s,equent corrections to

include the effect of mode width in the Stokes number (reducing pre

mode depositi oFmovdhétcicadlewdheasd ochhrerg&Ss okeds number for vegetated
di ffusion

surface
veget at

s, modi fication of

ed fractiamdof mpachedr mdssetbnservation for t

set t(lIAippe¢ l2a012.1) .

CMAGTAGEG@MAQ
CMAM3 Dy yb dter snea o f

surface
smooth

t

s, and Georgi (1986)
and veget attelder esar bdceoesget i egem@Buppy ace (Appel

of
e pr

he i mpaction term, scaling
h

(Her tofaer doshilr ey y de pfoslilttaheatd noeft hodol ogy
Slinn etl@dPHlomnidmZeoéanigon on vegetated

for water and soil surfaces,

The -pghaass e dry depasidt doagab@CiMAIQRIDEMA GTAGE

an@MAQ
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i mpl ementati onetdg2a0b2i3l)sThe #Hotgb eivtebhime or i gi @atal approach of Wesely
al(.1989), but with separate resVesdatnateedrfamadteisodo,r drhye wergeusat ed an
wet fracti-onser achdsemwwsonened fractions.

Bidirectional fluxes bheammahysowkeebatmajpdi | sowsrce of model

tamodel variabilityhehenmerwi Hethel described

CMAM3Dsy mubatdérecti onal fluxes of ammonia by first calculating soi |
concentrations using the Environment al Policy Integrated Climate (E
(Wi lliamsRan2800158 prior to the CTM sliyrmpu laahtlel oghPsl bei ng carried out.

mod el simul ation-upegeiri @esdl af na@dde yeesgpuisnroers morpe,i or si mul ati on of

N deposition asThaea pwugcioincNelhrnt mattiiom.s from this coupled system were th
used as inputs (fPlreitmadl 1.ANWMH Ilel 4dalrlundry deposition diagnostics reporte

AQMEI 1 @MA@BDmwere computed mpkbogsseseproddasipmgtdi d not

include the generation of bidirectional flux calcul ations, and henc
compensation point concentration and the ground compensation point
CMAM3DAwyr AQMEI I 4.

CMA@TAQGEVa sesta @0l 1.0,; e B 2a0Ha3])s o si mul ated bidirectional fluxes followin
Williams, (1995), using a previous oouplie@d EPI C simulation only for
met hodol ogy and information on dail CMAETAGAE zati on and nitrificatio
framework while estimating evasion and dépsesition locally within th
met hodol ogy, whi-abeopeperat éscobaai kaanaltl| tahdmiweglgregates to a grid

addi tAiQMiEadli 44 g t s thiec i nd drhpo IGBMMARGET B8 i mu Taalflscowss a
greater consistency betweenathbhel EfTMoasd(tahd mebolwsi hgrsohk DdNHtput o

all of the diagnostics as ssepe cHefgirea®R)ownBdHowewee , AQMEI | 4 protocol
calculations do not include other terms in EPIC dealing with N fixa
runof f, percol aamdnhaeamde pwialht dipvtakge from the EPIC simulated soil
concentluattonshe differences in evasiCMAQand deposition parameteriza

STAGE1d EPI C.

2.2. WRKKNhAem (EWRIFGhem (NAVREhem (BHRWRFChem (,UPM)
NAWRFKChem (UCAWREM i mpl ementations

Al'l three onfadtelodise hrRhBRIFT hemi call it m@ nfsnfasmeew ohold e |

al2005), employing a 12km LaMm@0x3&®ndgroirdnad elClosxiicn ptriog eEdrn @mme an
domain, 480x290 grid cell svaiyn ctohug | N arggti dbleX tmgereenn eann rd omai n) , 2

met eorol ogy, a sectional aer ogscelr ossiode nmdicstorpihbywstiicsn amnedpr esent ati on (

chemistry via tZmeeeMQZ0Bl) Comgdal c(aeros&Kihoé&wralati on foll owing

2014,, 2011&0d microphysdtc ga2009t) mevi Nga Molramd-oxnur f ace model ( Noah

MP it y2a0ll.1 Rapi d Radi ati yeorTmrangfaeri vdodelansfer calcul ations (RRTM,
|l acehp2a010.8)bi ogeni c emi ssions usieng2al he&, MEGAMNNe mmoyderl (Guent her
al20pPp@&nd t he &ASdri thm for photdl2200.%) Ir attrer el caudeati on (Fast

ver salosnask e use of the Wesely (1989)amdartahmetRirnkawsloin for gas dry der
and Shankar (1995) appHoweWRFChre ma ehracss aal | dhepyces ivtairamety of
configuratfonsothail pbdell opi nge £ hees i mpact of those configurations o

deposition results to be studied under AQMEI I 4. The differences be
summar FzeXlebbhlet 1shoul d al s eChbeem nioc$tieade tohoad e IWRIFn g
frameivddarfkik erences in the model parameterizations can influence the
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through the aerosol direct and indirect effects, and consequently t
i mpl ementations may also differ.

Not all -€@hetmhemoWRF i mpl ementations were able to report all of the i
calcul at e eXWREGhdegm AESp | etmeent at i onofditdh en ostp erceipeosr t  al |

contri lsua nNhgh ottcmlad dio@nachoseverpalrtde aqgassded cshe

AQMEI I 4 protocdlhe -BRREMs dUWASIIBt)I r,esul ts were not included in ensembl e
deposition generation and the model ens®mbles are referred to herea
analysis is t hBeredfucrea steassdRBE ee(tlhfe88) uers deposition

total s hav ewhbeene na \ipdFiiolyaehdledexl Tfadbrl ecsompari son purposes.

M ¢



755

756
757

758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

FabATebl e

AQMEI-GCh4 @WRF i gur ati on

Di fferences

Classifica

cl asses.
Ameri ca24

Parameteri (WRFChem (I AWRFChem (URWRFChem (UC(Q
WRFChem verl3.9.1 4.0.3 4. 1.2
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Wet DeposifConvectviva |Grid scale|Below clou
and DgwdmyY2|deposition|(198<%«) ;ouidn
grsdale folEasdtef2a0RD4 |et.(&21004)
Neu and Pr
for gase®t
al(.2009) fo
Land Use/ L{Europe: C{lUSG834 <cl asqyModi fied |

( And eerts,oanll 9
24 cl asses

MODI S NOAH
cl assael udi

( And eerts,oanll 9 oceans and
24 cl asses watkrmrietd!|al
(2010) ;
Cumulus c¢cl (Grell and Grel |l and Gr el | etiaansd,
parameteri (2002. 2002
Wi ndbl own Onl i nes;etSmd MOSA(Cawver | GOCART, wi {
2011 2008) modi f i Ga&rnegt
al(.1997) ,etG
al(.2001) .
Ga-Bhase Ch{(MOZART, Eentir CMB Z , Zave|MOZART, Eent
Mechanism |al(.2010) Peters, 19]al(.2010)
Vertical r¢g38 levels 35 vertical4Vertical
PBL Scheme |MelilYamddan]j Yonsei Un|Mel-¥Yamada
Janic (200 (YSHOnnegt. agNakahasi N
(2006), Hag2.Nakani shi
Nii(@d@D6

2. 203 EVROS

LOTEGEUROS

model used
2022,
(DEPosition

carried out
and cl oud
al2012) .
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Man2@1.Bp s

( TNOBETUR®S

dry
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ng the
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al201Bpphase

dry

t hles iAMQMEaltl iAo ED p e o e
e xqtuean si it we Ifyo rfectaoset i SE uarnodp esacne ndaoreiboj as . ( Ti mmer mans
depodei uiseWeof elyhdbes®&9)approach

Aci di fyingetCaid®ynds ;PaDbEPuwkal e \any Zdaenptoesni t i on
appr oacehd bd drhamige t( 2DaDtIYr. at iWe
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ma d eDruisvei nogf mee t2e0oxr 2000 kony yg rfiodr
ECMWF ms li olr &rcda su sse

(EEA,

3D

data for
2000,

chemi stry transport
dppocadch on

idirectional
form of



773

774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791

792
793
794
795

796
797
798

799
800
801
802

803
804

805
806
807
808

809
810

811
812
813
814

2. GEMACH (BEMIACH ( ZGBMIA)CH (:Op SHEAM H

Al'l thr démodelt heasre variations on the Environment and Climate Chang
MACH mddel first t w@EMACHH d BeENRIiACHS ((@Qhaarge) based on

the firesearcho version of the model, whiGEWM has more detailed physic
MACH (iOpshased on the fAoperational forecasto configuration, where m
parameterizations have been employed iquadridegr to reduce processing
forecast Gommdmatelomment s across alhotihgemrtdalmel €ément ati ons include a

size 9fn G&. 09t-hboedi tadiet dd@&naocidne | (sl lebvked)gen8 ¢ VOCs fr om

BEI S3.09, 3.1.3 (Vukowitc220h)h Bieetc®ena20@2y oStol osd ze distribution (
bins,etG¢a2l®,03t)he-IAD@MMass e mechanet Mad8It)o c kawemroldi fi ed Odum

approach for SOAtfaRMmaB)ona@trwadwewdn srtganinodul e sol ving the
thermodynami c eSqbNQ-NbB*-HQOsny $toe mebMak®@3IHhe GHM

MACH i mpl ementations also all make use of the GEM weather forecast
met eor ol otg la9l(9.B%, tekbi,2a@ t. 4y x h t he | SBA | andetsuwarlf.ace scheme (Bel air
2003anpd)CICM&A Rad?2 r adalagaiviet tmrmmdc sB.eamr kfesr , w20 0t5He case for the
WRFChem i mpl ement ati onMAC#sacsr iskeesce paboocvegs,tsi @EeMpIr esent ati ons
usedpienational forecast vershences¢c¢hrechevatsivens mpfort aecmodél model
configurations versus deposition parameterizations may be studied.

e{Formatted: Indent: Left: 0", Firstline: 0" J
empl oyed
empl oy the

Zhaetg (2101 0 )—parameteriddateicatrA—pfnaarl & mnmixreisa bi

y deposition
maadnvge ct i on r at her

v j y t ! Ar-B ha-goi-f-a—BvZnl

than—a—diftfusion—eguvation—tower fltux—boundary condition for particl
and indirect effect feed
of an

it wodimbfded ent

ories aggregated from the

for deposition for
M CGSHE Mt her t han the BEI S
| caentder mi ne gri d

onal physical parameter.i

Aot—preEMINMCHI 4 Opseg—Tabl e 3)

Col l ectbivfefeadif hebsetnwEMACH ( BaG@EWACH ( Zthhawng)

provide an estimate of -phaseedapovieti onpoparmramet of i 2&dti gast owar ds
simulation results, GEMMAGH c(aBmapsadtaiaBiEMdA Ot (Weran)

show the relative impact of the combination of ammonia bidirectiona
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parametecorfitgonat t®@etl hecompeead o omal

Di fferences

Parameteri 4JGEMACH (B4GEMACH (ZhHGEMACH ( Op
Gas dry defjMakeatr 2a011.8 |Zh aetg (2a030) Ma ket (2a01)1.8
Ammonia bicZhaetg (2l1010|{As GENWACH None
fluxes (Base)
Particul at ¢lD s4migran|{As GEMWACH Zhaety (a210.0 1
deposition|mass transtf(Base) applied as
al2018), wus boundary ¢
Emereston(a22 the diffus
correctiem
al(.2001) <cg
Vertical rg83 |l evels As GEMWACH 83 levels
additional |(Base)
forest can
(Malkar2a01.7)
Met eor ol ogilP3 explici|As GENWACH Convecti-ve
cl d paranhydrometeo|(Base) Fritsch co
(Morrison parameter.
Mi | brandt, and Fritsc
Mi Il brandt Kai n, 2004
Morri son, Strats8d@dowdam
et (1a99B.
Land Use/ LiGEMMACH 15 |Zhaetg(2l002|As i nMGSEMN
Classificafuse scheme|2003),-u2e (Base)
al2018)aggricategories
from EZ2haab
(2002, 200
use catego
Leaf Area |I|SateddriitveqAs GEMWACH BEI-Isas¥uk ¢ v
source (Zhahg2a0l2.0) ( Base) and Pierce
SeasonalityBased on s|As GEnWACH Fixed func
emi ssions (Zhet ,2a012.0) ( Base) | atind d®ulai
Maj or pointAki ngahop2bOall As GENWMACH Briggs (19
pl umeri se ¢ (Base)
Gaphase chgKPP.(3andu gAs GENnWACH Young and
solver San®®dm,6 (Base) a9oyzv
Vehicle I ndgMakaet (a20.21As GEnWACH None
Turbul ence (Base)
Forest CandMakat (21017|As GENnMMACH None
and turbul g (Base)
CHas chemigYes As GEMWACH N o
active tradg (Base)
Aerosol dinYes (dMakal |As GENnMWMACH No
indirect effl2015a, b) (Base)
Fl oor (miniNo As GENMWACH YedOoQm
height i mpg (Base)
HH

mo d e |
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Area sourcdgFlux | ower |As GEPMMWMACH Mass injec
treat ment condition (Base) |l owest mod
equation

Advection 1l LM8, sweep|As GEPMMWMACH I LMC, 2 sw
conservati ((Soreesgalll.j( Base) foll owed -b

Con@®DP@Rgl o

mass corre
2.3 Bi@ad CoirtExa¢edamde Esti mates {Formaned;pont;nanc }
As wi l |l b eSedcitsicouns s3e.d2 ,i modelsireguihe aeaiel ablaé¢uadaatea for North
Ameri ca a(nsdeueEpS epbeot efbor 7species contributing significantly to total
depogd.iCtriian cal ahoaed wrceedal cul ated making use of the total sulphur
deposition for each model in the ensemble, for 2009 and 2010 for Eu
America. makeoadeougb estimate of the i mpacts of model biases on th

esti mat e

, a third set of exceedanmesf awertethe ayead a2@d0 f or each mode

for Eur o

e and 2O0F®r ftohri sNolrasht Aqnmecdupmp,a.t he ratio of the observed to I

S
p

values at the observation station |l ocatimadefor individual speci es

annual deposition flux estimates prior to summation to total sul phu

Speci ffiocalNloyth America, the ratio of thg MSG{Formaﬂed:swscript }

PM2.5 s u! phate,a®PdM2A Mo M mipavtew @ rmk sNaHH_ t _oespa_hdl U%Formamd: Subscript }

flux variables, and the coriebpoberdingtratieosan

were used to scale the wet deposition fluxes. (Fomated Subscript )

Ameritha: rati o of obgeardyedstoomodatliradi 86 mean{pormaned;sljbscript }

s_cale the corresppndlnq dry fluxes, andsurlapthiaot Formatted: Subscript

nitrate amdkeremmeridummo scale the modell ed wet LT—}TUTV—‘—u—Tn—v—.—UTew—J

We noteapbamakbsssi mpli f.yTihreg caoggiemhteinoceres hyedependent on

the assumption that the monitoring alian af ars tshuéd fi ci ently representat

correction tac rime smd arei Wihgiflamliomdr v i on fl uxes will be proportional to tI

concentrations in wahéowowgstanmodel al Aayenean bias correction, we are

the assumpt ircn itolsatf otrheP MRi.&s particul ate matter wil/l apply for | arge

(note -tbsbl sedeparticulate fluxe4 weoelmiod )freerpprted under the AQMEI

of bias @bétsimecsti mpl st posneialslug emearms T @fs croabd le x

methods appeme. i mEhboebblobgreammp lues emaoyf nmaa kceo mbi nati on of

observed weimoddrdyepdjsusti @ ( Sc h wendvee rasned dli esatra,n c2e0 Iwle)i,ght i ng

from observation staantaidgmnst( Rgbimmdet | #ld. we202&position fluxes by the

observed to si mwunldathedd kpeegeviedi wati deposition to model predicted rati

(Zhang et.Aal ove2Wlidve acsfurmankenlt f usi on approaches including advanced

data assimilation mayTrte metumaddlno dw fieidreshtl hemr d{e2r2d®yi.des a

estimate of the winphctte sod & srimrdwe&trlibodaiks eesx ceedances.
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(UCAR)andCHhHMRHE (| ASS) .

The summary reduced ergdembthloew GlhEe Vv arpuesy e(meingurien CLEs bet ween the
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MGE [ 0— 0—1 0—4 0—4 0—1 00— 0—4
N-MGE 0— o0— 1— 0—1 0—1 0— 0—1 0—§
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Red.

WR F GEM |GEM |GEM |WRF WRF Red |
Specf\:ﬂg"g? g.'\lflAAgChemMACI-MACH MACH Chenm CHEM|Ens g[‘z

(I AS|(Bas|(Zha|(Ops|(UPM(UCA|Avg Dev
WNH4|51 60. 4/0. 2 129 129 114.|164. 3/29.4(82. 437. 1
DHNO|52. 5|/51. 9|0 66. 956. 2{62. 4/75. 1/46. 8|/58. §9. 1
WNO3|65. 6/66. 9/0. 2 45 51.3|/71.9/73.1/33.6|58.114
DAM 8.5 8. 4 nd 98.5100.(82.6/2.7 2 43.144. 72
DNH3|33.2|/29.5[36.3/26.926.6/40 40.3/47.2|34.487. 3
DNI 18.3/18.9[nd 26.832.7/19 7.6 7.1 18.48. 6
DNO2|7.9 7.3 7.7 23.821.9[26.7/10.9/10.8|15.4¢7.6
DPAN|4. 9 4.7 2 7.7 7.4 10 2.7 2 5.6|2.7
DRN3|6. 6 4.9 0.4 1.8 |2. 4 3.1 0.7 3.1 3.2]1.38
DN2O|1. 2 1.1 2.2 |nd nd nd nd nd 1.2]0.1
DHNO|O. 4 0.1 0 nd nd nd 0.8 0. 4 0.3]0.1
DNO 0.5 0.5 0 0.1 |1. 2 0.2 0 0 0.4|0. 4
Tota|250.(254.]149 426.429./1430 278./182.(1321,96. §
Percent Contribution
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WR F GEM |GEM |GEM | WRF WRF Red |
Spec ﬁg"g? g_'\l_/l:gchemMACI— MACH MACH Chem CHEM|Ens g?z

(I As|(Bas|(Zha|(Ops|(UPM(UCA|Avg Dev
WNH4[20.4[23.7|/0. 4 30. 230 26.5/23.1|16.1|25.4¢4. 7
DHNO|21 20. 4]0 15. 7113.1/14.5|27 25.7]118.15
WNO3|26.2|/26.3/0. 3 10.611.9|/16.7/26.3/18.4|18.16.4
DAM 3.4 3.3 nd 23.123.5/19. 21 1.1 13.499.9
DNH3|13.2|11.6[74.2/6.3 |6.2 9.3 14.5/25.9]10.¢§7.6
DN I 7.3 7. 4 nd 6. 3 7.6 4. 4 2.7 3.9 5.8]1. 8
DNO2|3. 2 2.9 15.85.6 |[5.1 6. 2 3.9 5.9 4.9 1. 3
DPAN|1. 9 1.9 4.1 1.8 |1.7 2.3 1 1.1 1.7]0.5
DRN3|2. 6 1.9 0.7 0.4 |0.6 0.7 0.2 1.7 1 0. 8
DN2O|0. 5 0. 4 4. 4 nd nd nd nd nd 0.41|0
DHNO|O. 2 0 0 nd nd nd 0.3 0.2 0.1]0.1
DNO 0.2 0.2 0.1 0 0.3 0 0 0 0.1]0.1
WNH4[20.4/23.7|/0. 4 30. 230 26.5/23.1|16.1|25.4¢4. 7
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Wet nitrate iebohilddpgesittisomrice i N deposition in the North American
wel | tahsi mdhgee st s otmede lof v amid@ribl) i&EMA 3 DIOMA Q

STAGEWE@EMIACH (Opvwg t he best performancé&aéd®teres for wet nitrate depos:s
8Tabl eSEBpl)eGEeMVACH ( BaG@EWACH ( Zhaweg )l arger magnitude and

more negat i GEMRAICHSs ¢, Opdsdhsami t e al | three models making use of the sam
model | i ng Tfhrea noenwoyr kd.i f @ EMAICHe (BeaaBEBHEACH ( Zihsan g)

thephase dry deposit is@matall egboprei t2hThh ee mipncoryeeads i n wet deposition
negative bias mMAaEMIAICCHI € Zh@EBEMWAGH o(nBas axa(Ifea-om

0. 19 .t2cf th'd or @ARNMgiMt a, &n d4 10 rtéotn f oNA Dafeaetkal)y i s

therefor e atpthraisteu tdeelploesittd oghasdi fferencgesy This is also reflected in
deposition flux¥&abiebhewbtwbh tmbded@PHpMAICHHI ¢ mBafsleyx f or

66ef 'hWhbeil®y hi gherGEIMIAGHt h B\halnupbes eodf *ha

The remainder of the differen@EMIAICHWE,B afshedmdat e deposition bias betw
GEMMACH Opnsuy)st be due to other f act dres dirbfitelde3iemod el configuration

2Based onsthph®Meriatmda tPM Exkbl mlalt, ¢ oTeedB)| (e as wel I[Formaned; Subscript J
wor k gf @ha(haZI@fmaim_d Ryu_ and Mi n (Q@@QQadfﬁwet e Formatted: Subscript

wet nitrate negative bias resides in the wuse

of a simultaneous update in the wehydrepmestigaron al gorithm to make wus

scavengingFof eeampgloés.the particulate matter scavenging coefficien
two orders of magnitudienelouei edfscoenscabvhamgifog ¢(awhinch may occur at

hi gher elevations even in the summer) will | ead to greater uptake o
The Emerson et al. 2020 parameteri-matiomewet | phetnadcte | ess particle
sizes (and hence wopud an od rhietra isiem & rnecar seeads es cPaW e[,:ormaned; Subscript J
with multiphase hydrometeors wild.l of fset this effect.

Dry Deposistion of HNO

Dry deposist sohih@if @HNO ssiprurtclee orf e Nuc e d! teanrsgeensbtl e, and t he 4
source -tomodeldevVvariability.

Thepatial vaminatail o uonf dtelpd kfeél tuexbeinse oitoiyv eH&N@osi t i on ar e
shown 1i98Figisgeer eFiSgiBaead FR g4 reepresenting the mass of HNO

transferred to the surface via the cutichaed aoel, stomat al and | owe
summanriszed mmonigr FdOgtEd €22 i ve fl uxes build on the concept of effect
conductance: the productt brkattishgee apiaftihdvgey depoduttancel utw with

tot al depo,siftarone avcel ooccf( @Gwhl emeatr 0i2a@i2. Ip)a.t h wlalyes Fi gur es t hus depi ct

the contributions of sdacyh dpeaptahdvdatyyix otrfoavralr Elfst & chieio WHeNIO

fluxes incorporate changes in the flasxs orcdsauletdi wg tfhrom changes in ch
factoradddepoosnHotwewer, comparison of thoeteffective flux values of Fi

1 Note that the CMA@V3dry and CMAQSTAGE models incorporate the lower canopy pathway into the soil
pathway; the lower canopy effects are absentn these models, but form part of the soil pathway, and hence are
reported here as part of the soil pathway.
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]]561 hi ghest MGE, Il owest R, | o werhal a @ O.ET h&rsd sltubgageesstt lslke OA s cores i n
1562 magni tude of the fluxes 4dqrddb/wnmwatrhle ammépgoastc idvidbent)y ween positive
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(upward; flamiess ifa3)DEVMAQNETBBEQheecause of the model 6s relatively
poor performERIACHOf B &N#de IMALHd (ZEhMng) have the smallest (and
positive) baises compared to the otCthem mMddPeM)s anadnd t hese two model s
WRFChem (UCAR) have the zshgatnevesatbkl scbeedaftar NH

The satelliteFdagtlaelcoanmpahaowo ns e significant differences between o
ammonia and all model sd predicted ammonia, particularly over water
obser svied NiMHe3 rpmlye i1ln the Atlantic and near Baja California, while 1
NHover the oceans al ways below 0.3 to 0.5 ppbv, and decreasing with
shoreline. ATO. iInbdep bsv raetacthh® . dr eat est di stances from the shorelin:
observations ditewabodet @ch itphmrboruigmiotut~ Ot.h3e pcpobnvmon AQMEI | 4

domai n.

NHemi ssions from natur al sources has been a source of ongoing inter
community due to its propeer(t&l®s5)asr eavigevwed houtsiemagtaess o fPawqll b al
oceangeani MM i ons, wi2t3h TataMadygehedfr Town esti mate being | ower at 2.5 Tg
y Their est gemuitedi omap sshodweNH rel atively | ower values on the weste
Nort America (Pacific coast) than on eastern shoreline (Atlantic c¢
of the foufrl oxemmdel NHt ested, in the Gulf of Mexico and along the G

h
h
North America and4)Eur dSue s(etqruesinrt FKiigwrleat i ensalof oceanic outgassing (
2020) showed oceanic outgassing i?nt(tih7e. 66yud)gf, hoaf Mexi co in excess of
and between 0.2%(anéd 0o bPY g8 Nedgnhiea Gul f Stream. The oceanic

emi ssions metdél0@D) Pwoubd be relatively straightforward to i mpl emen
model |l ing context,; our work suggsnatys btethattccarcomgi der alhlee deficit in

en

curr t -geglobhpl madel s.

The evaluationagfaiinlse imodvelekd yNBurface observations at the AMoN sit
FabHlabl eSEdpl,e mehretr)e bi weekly values have been used to create annua
both model and obser veGEMIAICKHEe ¢ Bat e $MAsCeHd v(&EhiMonng )si t e s .

once again mawygaei(tabndde | pdovsaakfté ¥ enel ati ve -M®Dopsamdati ons, CMAQ
CMA@GTAGE have the mostCMA@AatAiGEes bti haes ebse s tt hcoaurgrhe | at i on
coefficient-Cheor  , UPaW)d hWRF t he best scores overall aside from mean b
coefficient.

b-P-g g da-fabh

AOME+ 4 commdOLtBA—Ynitds—ppbv where required.
Evatlu| GMAQ |EMAQ |GEM GEM GEM WRF WRF
Metri|M3bBry SFAGEMAGCH |[MAGCH |[MAGH |Ghem |Ghem
(Basel{Zhan{Ops)| YPM)|UECAR
FAC?2 0-—28 |[6—-38 |06—-68 [6—-68 |[6—40 [6—-38 |6-—-58
MB 0-—-68|-06-57]06-09 [6—-09 |0-—-54|-06-54]|0-27
MGE 0-—-83 [06—76 |6—-63 [6—63 |6—72 |[6—72 |06—61
NMGE |06—-64 |0—-58 |6—48 |0—48 [6—55 |0—56 |[6—47
RMSE |4-16 |4-03 |[42-—-07 |3+-06 [2-—-00 |6—94 |[1--00
R 0-—-66 |[6—72 |6—77 |6—-78 |6—70 |[6—-76 |06—74
COE ©0-—-63|-6-50]|06-—-24|-06-—-24]|06-41|-6-43|-06-21
+OA 6—18 |[6—25 |6—-38 |[6-—-38 |6—29 |6-—-29 |6—40

RPass ti me
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598 modelseduced ensemble, and corgads poted g sCril Sa to brseey Formatted: Font: 10 pt
599 outside the elommaraiAQMEIvie been assigned9.an fioutsid

ppbv CMAQ-M3DRY (EPA) CMAQ-STAGE (EPA)
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1604

1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621

1622

gentrations

Metri|M3Dr y| STFAGEMACH MACH |[MACH |Ghem |Chem
(Basel{Zhan{Ops)| YPM)|UECAR

FAC?2 0—66 |[6—62 |[6—67 [0—6
MB 0-—-82|06-—-88 |6—09
MGE 124 |[4-12 |[4-21
NMGE |6—60 |6—54 |6—-59
RMSE |2—71 |2—-53 |2—72 |2—7
9
3
1

9—72 |6—76 |9—6
©0-—-80|0-—-61]6-—2
+—12 |4-—-08 |[3+-—-2
0—54 |[6—-52 |6—6
2—65 |2—57 |[2—9
0—39 |6—40 |6—3
0—29 |6—32 |61
0—64 |[6—66 |6—5

R 0—37 |6—45 [6—3
SOE 0—21 |6—29 [6-—2
+FOA 0—61 |[6—65 [6—6

N OO N[N |N[N
OO |UIN|o N[O

Fi g228sshows the contributions to totad gNadapadieti on flux from dry de,|]
di fference in overaltlhmepd si teimpnh oyatnthé mxksli betcweé oem a l N H

parameteri z-M8Dpy€MADRAMRAE), -MAEM ( Ban@EMIACH (Zhang))

and the models which do not -Ghepnh oyl SAAMBAICHaGEM s met eri zati on ( WRF
WRFChem ( UPMhennWNRRUCAR) ) . The models wutilizing bidirectional fluxes
where the net downwarpgahfélus 22F deirgke rbel ause zeerga oinms ,t hCeMA Q

M3 Dry, -EMA®E, -MAEMBase,-MGEM Zhangitrhedel a)y e | ocations where

the annu#ll uxptwaglr ddil s ®if osd esru mmewer t he coudlrthee of the year.

size of these regi-doM3DrGidf {CBIANGCEet wenadln c@MA@g di fferences in the
bidirectional flux par amGEWIACH t(i Bansse }MALMe eGEM hese model s
(Zhanlgediairectional fwhixihfhereamet eos-MIabWA@MAQ
CMA@GTAGE ,c oannsce ghuaevnet Iryel ati vely ssidmiyl aeppatitéoms veff smast NH

emi s shiofnfser e n-o 8 8 adsa tweeal nl d-sapse cciofuinct rdyi f f erences in the | evel of detail
utilized in the baldsio eacrte orneaslu lftliunxg sicnh edmefsf er ences bet ween the two 1
pl atforms -wesgertnhh@8BsdbedmtiCanada border shows up as a sharp contras
CMAQ modsgfllsutxkest utilize information from EPIC over the US and | ess

outsidewhihe W8is differences i-MA@Hcmobebs)pronounced in the GEM
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the aerodynamic res)iAs anar bmd senebio}hfi raotfgreoesgpghaeariiocn  (

concentration is greater than the compensation point concentration,
I f tmhes phemrdentration is | ess than the compensation point concentrat
negative (upwatr.d@lQRdpeGadimar@)nigi ves the detailed formulae for the t
equabipPon f(or the bidirectional .AAl o mmadehkmhpafticipating in AQMEI I 4
C, g&namay thus provide insight into thdkerywiddpasintcien in the between t
fluxes for the models employfiog tbhai A@GMEIi loh aNo rftl uxArmpearriaarert eri zati on
ensenibhleese ter msbweA®@MElelp4 rapsz d i hueenie pl & m'thse (r T @antt i | e)

each UT hour within each mont h. The medowm values for 16UT (noon E
Fige4e |t is important to note that the median values for a given UT
days within a givtelmendd mtnh .vsad rgast el mpT ei,n July may not occur

on t he same -tdhaey ,h meadnidasnhvevnécleu @ odbf necessarily be greater than the medi:

val urgasf mi ght be expected from the equations governing the resistan
Gal merti (e210.2A1 )s.oal homodel s were able to report all variables (as note
CMAM3Drythe net and ground compensat iHdmepwifntt hceoncentrati ons were ¢

model simulation, and could not beéoiwewleudedudbstARAQMEIall4 di agnostic p
di fferences betwedprtolve dpamelusedful Fiiggwbdriea2i on of relative i mportanc
di fferent pathways in the participating model s.

From RiZgurwe not e:

(1mHh2016 Jul vy, aleer oWlTy nnaemd rgia sr essiinsitlaanrc ef or al | four models (Figure
234( al)c)o ns e qdiiefnft d ryrganrcee sunlni kely t o be dtifd ecaeenmxesaf the model fl ux
(2Hh2016 July, rdi&alUTl eme@FG(F)gaMeM3 Diy consi derably

small er thanidtor|l @dhters onone el sl at-M3Play ehidgle tlbuxes for CMAQ
these rssmall uers (which, appeaerqgunageiB)oon whel denomeanator for

the magnitujdetofal the fluxes
(3NMh2016 July, rduGaUTeme dT@MAEMAY er | arhdo sar & oequal to

for this imodkalperxrifleodi s(t hiGa | meed e 2a@l2.1) ; ot her ter ms

influence the magnitude and direction of the fl uxes.
(4THh2016 Jul vy, vliad ulkTsa inwefdétamec e n §, ca(@F ii @IArrse) o) f aNHe

| ower f V3 D@WAIQ C-BIAQGE t hapnAMAICoH (@BEGE YM ALHd

(Zhan@a)s might be e xnmpeencttibodnaebdr oml tbhbkeaaabome relative to Crl S and
AMoON dat a.
(5Th2016 Jul vy, nlee&t WTo mpeednisaant i o rc.( o i@idfrcer pntentrati on

CMAGQ@TAGE is an order of maMACH u(dRa ssemdMALEd GEMN f or GEM

(Zhang) . BEpPpm ehuatiokely drif veg Mmocaindf st medehrge NH

its negati,vemaldkeuesal webl result in | a&frger positive (downward) n
(69ome of the | oc-8TAGE®dI@héuey CMA® uWTd nteodiipaenn s at i on

point corcgehtasamaan m({ z eMdA GH e( Bwhseer }MAeGHIM GE M

(Zhang) hawvzerzeerpr awndhecaampens 22iBa@ne .moi Mtockyl ues (Figure
mountai«€entnatt WSA apgdarckulbluue | arveda@sH oinre stuH & sGEM

compared to much | i $AASE Vebudhsei -ATFTh@&FE CBMAQ

val leecal values were up itfo d&mhi pphwtv, fwoultdilse moxdepedgted to
resul tcval basgeéehdpe etei ec.P@AL) nand hence a tendency

towards smaller downward fluxes.(DRHBbues nhaot the case from the
FabllTebfeor5 GMPAAGE are great er -MACaHn niohdoashesl of t he GEM

CMA@TAGE NH3 concentrations have #ACH negative biases than the t
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modgl suggesting that the ground pathway is not the main term aff
modelkdMNWH deposition fluxes.

(7Hhor much of the AQMEI |1 4 common -MdDray naffasCMAEAQfrom SW USA), CMAQ
STAGE havé®lbowert y, slt6eonhT anhe dcioampensati on point concentrations th.
eitheMAGHM( BaseMAOH GEManB¥ f()Hi.gurTehi s in turn implies that
the difference in model dry deposition fluxes is via the stomat a

The main factors resulting in hM3hrey amad@ TBBEQe downward fluxes in C
relati v-A€Cld GE&8Ms e }MALCHd (ZBhM ng) are thus | ower net compensation point
concentr at-$ODAGE)(,CMAQwer stomatal compeM8®tiypn point concentrations
CMAQGTAGE), asndal oeve tM3OMAQ .

Fi g2Bd. e 2padiatri BOLBboduby, nlévalldurensedy abi diiragmtoisanal f 1l ux
vari.abl(es) Aerodyna)micr r(é9i sStuann d)exsfrs t(@m)c eAi(rs Ccemmcentration of NH
(ppbav) ,(d) Net compensati ane p(@roomgencani oatiponnf(pgbwrtentcration
(ppbyj), (S¢ omat al compensationaNpobéentheaonceatoasi ont §ppbv)heccommon
AQME# |l domain have been assigned9.an fAoutside domaino mask value of

OO0O0ORWNNOOOC
28588883838388

Al'l four bidirectional flux model seacghicdilaalel fdmuk esseon specific | an
some form of | and use fraction wei gihrt itnlge thoi dyierneeataiteenadalhe val ues of

Ty
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flux equlhe omsseveypasdused by each modelling platform were convert
set of 16 AQMEI |1l 4 | aed 220621 )t.y pe sWe( &l éhév@EGathidgaaGEeMi t h e
MACK pati al and temporal patterns of ammonia bidirectional fluxes in
| aamde types, along with the relationship to the highest regions of
Figu4dsand® 2 wher edsramgelre 2a and b) are the sum of AQMEI Il 4 | and use ty
12i (e. thpd asnuneddofeniyt as@tleand )usedtype €EMANDAGH d GEM

respecti véppnel Bi ger@an2) are the sum of AQMEII 4 | and use fractions
6,7,8 and 13 (evergreen broadleaf forest, deciduous broadleaf fores
respectively), -MACH €MALQcWeINn theoltfeMt hat t hekbe forested areas are
ecosystems of interest for many offhkethed ChL&eval ues calcul ated earlie
summabfof$ gur ewo2r5t harneotailnsgop i n the context aof the typical timing of
fluxes during ¥hegésehuawse onf eaxdampglnelofbethtemvi our of the NH
bidirectional f | uxewACiHo rmotdred sCMAQ amd ABM OO CDT and (b) 7: 00 CDT.
afternoon f6laxgest éeRrdgdreo2be | argely negative (upward; emissions; b
However, the spatial |l ocation of the fluxes differs between the mod

e
frame@MAKM3 Dipy e daifcttesr noor( béd mies t@d wailrs )t bsetricted to
combi ned grassl and and wagrhi cduelptousriali olnan(d euds ec otlyopuerss) t o t he forest ec
souetahst CanadcasdndNSAQ@UABE pr eafitcersnonomd emi ssions throughout

western North America, though -M3DBriymiileamrstoputdtneardra of depositi on as CM

and ®asth USA.-MATHebiG&EMr ecti onal fluxes in afternoon are mostly nega
bl ue) . Al'l three madlep s isthioawr mintl athH e U@ rpotnlc NHr espondi ng to a

known regigooonéehi gat2iNeinGr r&eithrd reev al maxi mum) . In contrast, early
mor ning f | Gek bppn € Fii gtuee Ry both CMAQgeImpl pomeintiavée ons ar e

(downward; deposition; r e.dwhciollesM@&BM ,p raecdriocstss adelp olsaintdi ounsei nt ypes

agricultueal sdiueasheramdbwews ndCanagastihdSAout h

Theendaiiuenal sign changes inathesdi a¢teibonlgygmotdieeé sammoni a f | ux
expeavi mh refer eflcpe: t on hetqpuradi o @8 {(B-P tghurtehe hei ght of the

planetary khoudndarey magyernt ude of therehaticoeffyikbights of diffusivity
reducing the ambient aiai Egaeueafitipoantrieosnu lotfi nagnmom i nae ggaatsi V(e

fl uxemi ssions; bluoetbel ear 5y b py hbiotulgned(aRHygidgdst e

and the magnitude of thelromaér corédiceiiemecseasi g ffhesiambiyemtr eair

concentrations of ammosi dai gapféwalseahtandlgposni Mmoo . However, the

di fferent bidirectional flux models show differences in diurnal beh
M3Dry and$&TBGBEQs hdiwur nal paemessi ohsaftemnagni cultural and

grassland areas, and deposition in forested regions downwind, and e
of duasedtypMACH sBGBMs stronger aftermuesenaegpiessi ons regardless of | an
mor nlinvgearg nietmidsesi ons | andlepesitteidomremlsy in agricultural areas and th

western USA.

We notfebilTkdt me &dur es model perd atr enlvleicpeaspe ¢ i fmec alnl y hat

afteiinoen at cl ose t o 58hae) ,t iamed sthhoawtn tibhneMFegnufroer ntance of CMAQ

and CBAQGE is | ower than the other models at this time, while the d
aside from magnitude of the bias is | &eslTph®drounced in the integrat
S4 i d@malysis thus sungeggeattiisvseebnttmatybbde CMAYRmMagni t ude

examining the factors contributing to compensation point concentrat
val uewsagesp are probably too I ow in these regions at these ti mes, [
positive (downwaradn)alfylsuixse ss.ug glehsatts itsha td dteelse mMaMA® enegati ve NH

T
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the result of excessive deposition and/or insufficient emissions, i
early ,mowintimgt he effect moJhenbul &eahbhl ¢ hiendiliéeaeheesodbnkely reside
in the stomat alCamewerss gliy,n veaMh®itdeybt Wa r etclh é o@BM f | ux

algorithm is overestimating midafternoon ammonia in the SE USA rela
(Fi g®)r,e i2ndi cating that compensation point concentrations may be ov

Whil ef INHxes afeapngéyttheubce of N deposition in the North American 1

weal sote that the zbandmercitnowhilclhi | NMes are treated in the context of
exceedance calculations may be open to interpretation. Exceedances
calcul at ed wi ttho dredpsopsei ctti otno afm nNwélaatd Sonstihutes total N deposition

t he colmiteixneoffi onal Hfelriex e svei shalves ¢ akleemartr.he approach of assuming tha
negative fl uxesdu(re migsdgihen<c)ouofseNwf a year constitute a | oss of N fr
but tidcatntMH ned within the ecosystemonarematentid yconherted to ot her fo
approach t aken hhoeuNehfywausx etso (spwms ittheve downward and negative upward) f
year simulated, with only thoseneegtr iadn ncuea |l sd ewpiotshi tnieotn pfolsuixteisv)e summat

addt ogarodsal N Hewe gtehtieimdoe.r pr et ati ons avpnel posbebl e. For exampl e,
positive contri buctoiubleds camuanad kaegfl yN bfarsam t he s ame

ecosystems asseond isatoalihedwi g Mo Néld/ excl uded from the N balance of the
ecosyftemird interpretation wawiltdhibre t e ascasnestéamtmay pwesi ted NH
converted to other fogfmsux f( viNhi cam dmaye nlcee p chsei tnieve NdHr negati ve in dif
parts of the regi agp wigqdhhd idNt ¢ d9 e ti st aa dzdeedui tsmilNyn svhen t he NH

flux exceeds the deposi Heoer, f wexhbiveat haehhbéeéor ms of N.

appreosaMh nottenet lsaetcond approach woul dgchbeand gendi ghed esti mates of t ot
here, while the third appr oacde, WoAlll tdRiosegtithiétH5i n | ower esti mates of t
| argest <contgegcbhruotsosr Noot thsAamariNfd &@&r ences i n approach may affect crit
|l oad exceedance estismdtuagesin regions of high NH

yn
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CMAQ@e
11+12
GEMIAC

rsusMAGCEHHM Uppericklolw:fr agcti onal area composed of sum of
(planted/ cul tfiowrat eftd Pa pdMagU R TsCBABEIYMACH ( Base) and
H (Zhang) . ri dowefltl rbwactgonal area composed of sum of

6+7+8+13 (evergreen broadleaf forest, deftcodu@Puyr G6GMAQdI| eaf
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