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Abstract. The Model for Simulating Aerosol Interactions and ChemigtOSAIC) aerosolthermodynamics and
sectional frameworlas been implemented into the Canadian operat@inajuality modelGEM-MACH. The
original aerosolsubmodelin GEM-MACH is based on th€anadian Aerosol Module (CAMyvhich uses a single
moment (mass) sectionsthemeandinorganic thermodynamiagerived from thesquilibrium ISORROPIAModel
without base metal cations MOSAIC featuresnornequilibrium inorganic thermodynamicand adoublewe-
moment (mass and number) sectioseieme. For evaluation w conductfour oneyear simulationsvith the same
emissions and meteorologyer the North America domain A reference rur(REF) with the Zhang et al. (2001)
aerosol dry deposition scheme and a sensitivity(EMR) with updated parameters from Emerson et al. (2020) is
conducted for each aerosol model optionThe resultsare compared to statiabservationgndsurfacemonthly
meanmodelobservation synthesis dataMOSAIC exhibitsa shift in theaccumulation modenass and number
distribution compared to CAMthat results in moreaerosol dry depositiom the REF runand asurfacePM2.5
sulfatelow bias ofabout 186 relative to CAM This biasis essentially removeih the MOSAIC EMR rurresulting

in a better fit to aggregated urban and rural statiocempared to CAMover the North America domain
Comparison with the AERONET volume size distributionersion product shows that MOSAIC gives a much
higher level of agreement in terms of location of the accumulation mode peak diametszpanation of the
accumulation and coarse mode$M2.5 nitrate and ammoniurfor the MOSAIC EMR run showsoverall better
agreement with observation station data compardsbto REF and EMRCAM runs at rural stations At urban
stations MOSAIC has high biasfor nitraterelative to CAM and observatioriiring summer buit is reduced in
the EMRrun compared to the RERIN. Thehigh bias in ammoniureeen with CAMfor both REF and EMR runs
relative to aggregatediral and urban statioabservationss reducedvith MOSAIC by about 25% between April

and November.

1 Introduction

Ongoing avances inphysical process understandirgpur revision ofair quality modelsand other chemistry
transport modelsvith improved parameterizationsThis improves representation of atmospheric composition and
enabésmore realistic process coupliifg.g. Baklanov and Zhang, 2020; Shrivastava et al., 201Tprovements
in computational resources help offset the increased numerical cost of more detailed parametefizgtions

Nakaegawa, 2022) Here we describe work tapdatethe inorganic aerosol scheme in thavironment and
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Climate Change Canada (ECCC) gurality modelGEM-MACH (Global Environmental Multiscalé Modeling Air

Quality and Chemtisy). This is part of a project thaims to enable interactive meteorolegyemistry modeling,

which also includes upgrades to the nucleation (inorganic and organic) and organic thermodynamics process

representation.The revised model is intended for policy scenario and research simulimistead of operational

forecasting due to the high numerical costhafse process representation improvements.

The GEM-MACH aerosol submodel consists of thesinglemomentCAM scheme(Gong et al., 2003and the
inorganic thermodynamics scheme HE{Makar et al., 2003jlerived from ISORROPIA (Nenes et al., 1998)A
singlemoment masenly formulationlimits the capacity for process couplisgich as clouderosol interaction
which requires a more accurate representation of aerosol nigengeti et al., 2008) HETV does not consider the
Kelvin curvature effect which impacteass transfer fosub 100 nm diametexrerosas in the nucleation and Aitken
modes Mass fluxes over the fine particle sizes can be compataloleexceed mass fluxes over the accumulation
and coarse modgZaveri et al., 2008) In GEM-MACH, HETYV is applied to the bulk aerosol mass instedd
individual size bingo save computational expense. The bulk result is unpacked into bins usiky$@s HNO3

and NH) transfer rate fraction§~uchs and Sutugin, 19710 individual size bins. For each constituent gas

species, théractions are based din size transfer rates (egquation 5 in Zaveri et al., 2008) divided by the sum

of theserates over all bin sizes.

To addresdimitations in mass transfer and lack of prognostic aerosol nym@ehave implementetMOSAIC
(Zaveri et al., 2008) A comprehensive comparison between MOSAIC and ISORROPIA thermodynamics is given
in Zaveri et al. (2008) The components required fodaubléwe-moment scheme are the coagulation and sectional
adjustment routines, which need to track aerosol number. the internally mixed aerosol formulatioaerosol
number requires a tracer for each size bdetails of GEMMACH and revisions are given in Sections 2 and 3.
Comparisonof the original aerosol schem@CAM + HETV) and MOSAICis conducted by wayf oneyear
simulations on the North America regional domwaith atypical resolution of 10 x 10 km ThemodelPM2.5and

total PM particulateoutput is evaluated usingoservational surface station network data aggional speciated
PM2.5 distribution estimates from a combined geoscistatistical methodvan Donkelaar et al., 2019) The
choice of the latter is a way to fill the gap in spatially distributed observations, but it will reflect model biases.
Validation against station data is necessarily limitedthsy fact that thenodel does not resolvepatial scales
associated with station measuremenighe range of concentrations seen by the model is smaller than observations
assubgrid plumes are not resolve@.g. Sun et al.,, 2021) In addition, emissions are limited in spatial and
temporal resolution as welind minor localized emissions are aggregated into area emisg@ansKkuenen et al.,

2022) Model results and comparison with observational productprasented in Section 4.

2 Description of GEM-MACH

GEM-MACH is an air quality extension dhe GEM forecastmodel (Girard et al., 2014, and references therein)
For this work the version of MACH used is 3.1.0a.2 and the version of GEM is 5Th2. GEMmeteorological
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physics packagéadiative transferconvection, precipitation, land surface interaction,) éscdescribedy Mailhot
et al. (1998)and recent improvements byicTaggartCowan et al. (2019) In the simulations presented here
shallow convection is parameterized with thgheme fromBechtold et al. (2001and deep convection by the
scheme oKain and Fritsch (1990)

Currently, the chemical and aerosol tracers aretrastsported directly byarameterizecconvection. This is

mitigated to a significant degree by vertical transport associated with resobgsbcale and synoptic systefesy.

Polvani andEsler, 2007; Lyons et al., 1995However,lack of tracer convectiodoes introduce a low bias in the

transfer of tracer mass into the free troposphere from the atmospheric boundary layer via shallow comlaection.

aspect is discussed the study ofPolavarapu et al. (2016yhich focuses on Cftransportin a GEMMACH

derived model

The air quality packageMACH, includes modules fogas and aqueous phaskemistry, inorganic aerosols
secondary organiaerosolySOA), andwet anddry removal of gases and aerosolsorganic aerosol processes are
represented by CAM and HETV intdn (operational)or 12bin configurations(scenario and research)SOA
formation isbased on thenstantaneous yield model dfang (2003) Following the common approach, aerosols in
GEM-MACH are formulated as internal mixtures to reduce computational expefise.gas phase chemistry
options areADOM-II (Venkatram et al., 1988)SAPRCO07(Carter, 2010and SAPRC1XCarter and Heo, 2013)
For this study the ADOMI chemistry option is used for both CAM and MOSAIChe agueous phase chemistry
componen{Gong et al., 2006 derived fromADOM (Karamchandani et al., 1988hd isoperated in bulk mode.
Thewet scavenging of gases and aerosobescribed irGong et al. (2006)Dry depogion of gases is described in
detailby Makar et al. (2018and is based on a modification of f&esely (1989scheme TheZhang et al. (2001)

scheme is used for dry deposition of aerasols

Currently, there is no heterogenedwysirolysisof N>Os into HNOz; in GEM-MACH. This is a significant source of
partiaulatenitrate(Chang et al., 2011; Kim et al., 201a)dwill be included in a future model update.

GEM-MACH with the CAM option has been evaluated against observations kgt al. (2015a, b), Makar et al.
(2015), Gong et al2015), Whaley et al. (2018), and Majdzadeh et al. (202@EM-MACH compares reasonably

well to other air quality modebnd observations.

3 GEM-MACH Revisions
3.1 Aerosol Model

MOSAIC version 1.0 with updates was used for this work. The original source code was extractethérom
chemistry extension of the Weather Research and Forecasting M@ Chem)version3.2 (Skamarock et al.,
2008) The updates are based on the MOSAIC.0) revision found in WRFChem version 4.0.8Skamarock et al.,
2019)that pertain tdug fixes andhe phase stata the Multicomponent Equilibrium Solver for Aerosols (MESA)
module(Zaveri et al., 2005) MOSAIC was also modified to include primaggnissioncarbon (PC) as an additional

constituent.



105 MOSAIC includes routines for nucleatip aerosol thermodynamic§ncluding sulfuric acid condensatipn

coagulation(Jacobson et al., 19943nd sectional adjustment.comparison of CAM and MOSIA@s used in this

studyis given in Table 1.SOA formation is treated via optional simp(elodzic and Jimenez, 201andin later

versions moreomplex schemeShrivastava et al., 2011)Nucleation options are th&exler et al. (1994%cheme
and a combined scheme employing binary nucledf@mkamaki et al., 2002ndternary nucleation with ammonia
110  (Merikanto et al., 2007)lepending on available ammoniA. postnucleation growt{PNG) model(Kerminen and
Kulmala, 2002)s used to populate the first size bin with nucleated aeroSeictionaladjustment for bin mass and
number from condensation and evaporation in MOSAIC can be selected fr@imtmel and Wurzler (2008hass

number advection approach and #faeobson (199 fhoving-center approach.

Table 1L Comparison o£AM and MOSAIC

Model Feature CAM MOSAIC
Scheme oder Singlemoment (has$ Doublemoment (hass and numbgr
\Volume-conserving, semimplicit
Coagulation (Jacobson et al1994) Brownian, \Volume-conserving, smiimplicit
9 turbulence andravitational sttling (Jacobson et al., 1998rownian kernel.
kernels

Based on coagulation scheme
condensing species volume and
existing bin volume are treated as
particle merger.

Sectional adjustment Moving-center (Jacobson, 1997)

SOy+ NHs+ NO:;+ Na+Cl+Ca+C®
+H20

Yes formation of particle phase
Irreversible reactions No CaCb, CaSQ, NaSQy, Ca(NQ)2,
NaNG;

ZdanovskiiStokesRobinson
Hanel (1976); accounts for (Zdanovskii, 1948; Stokes and Robinso
Kelvin curvature effect 1966); accounts fdkelvin curvature
effect

Thermodynamic system SOy + NHs + NOz + H.0

Water scheme

No; interpolation between

deliquescence point and crystal state Yes MESA (Zaveri etal., 2005)

Hydration hysteresis

Time-dependent over 18 hydration
acidity regimesijncludesKelvin
curvature effect.

Thermodynamicsolution  Equilibrium over 12 hydratiomcidity
and mass transfapproach regimesno Kelvin curvature effect

Thermodynamicsize Bulk; splitting into bins using Fuchs

resolution andSutugin(1971)based weights Applied to each size bin

115

For the GEMMACH implementationof MOSAIC, we have retained only the thermodynamics, coagulation and
sectional adjustment routinesThe existingOdum et al. (1996)}ype SOA schemeg(Jiang, 2003)is used with
MOSAIC instead Sulfate nucleation and condensation is based on the scheme from CAM and is described in more

detail in the next subsectionThese choices serve to reduce model differences.
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MOSAIC calls thermodynamics for every sectional bimd we chose not to apply the bulk approashised for
HETV in CAM. A bulk approachwould substantially reduceumerical expere but it defeats thepurposeof
accounting for th&elvin curvature effect andegradethe accuracy of the modeThisis addresseuh Section 43.

The coagulation scheme in CAM follows the volugmnserving, semimplicit formulation of Jacobson et al.
(1994)which isused by MOSAC. However, the formulatiom CAM is single moment and aerosol number is not
conserved. This applies to the sectional adjustrasntvell (Gong et al., 2003) For the internally mixed
formulation,CAM aerosol number for each size bin is determined from the total dry aerosol volume in the bin and
the bin volume based on the average bin radid®SAIC assumeinternal mixing as well butequires the addition

of a number tracer for each size binThe MOSAIC coagulation and sectional adjustment compomentserve

aerosol number

For this study MOSAIC is used with thenoving-centersectional adjustmerdption (Jacobson, 1997) This is a

less numerically expensive scheme compared to-masdber advection. The movingcenter scheméas been
found to suffefrom gap formation between bidepending oin resolution, including the 12 bins used hii®hs

and Bowman, 2011) However, we did not find any pathology in aimulations We conducted box model tests
with different adjustment schemésot shown)with realistic initial conditions and sulfate productiand did not

find a gap formation issue with the moviognter scheme. Thus, this pathology is not a generic feature and
requires specific conditions to occand this is reflected in our GEMACH results. With both sectional
adjustment optionsve needed tantroducedoubleprecision tothe MOSAIC code tavoid issues with grid level
noise. The GEM-MACH source code is compiled in single precision which requires precision sensitive routines to

have explicit double precision coding.

3.2 Sulfate Nucleation and Condensation

For the MOSAIC option we havadapted the sulfate nucleation angSEy condensation scheme used in CAM.

The nucleation from sulfuric acid is calculated simultaneously with condensation onto existing aerosol to better
capture the competition between nucleation and condensation scavenging. This involves solving afgpregimat

the condensation and nucleation equations simultaneously bystapping over 15 variable time sirtiervals over

every GEMMACH chemistry time step as outlined@ong et al. (2003)

The binarysulfatenucleation scheme frotdulmala et al. (1998js usedfor both CAM and MOSAIC. There is no
PNG parameterizatiomm CAM and nucleated sulfate mass is introduced into the first model Bam.simplicity we
have not included the PNG scherftem MOSAIC in the present study. For MOSAIC the nucleation aerosol
number is calculated based pacleatedsulfatevolumein the first size birandthe binvolume derived from the
lower limit of the bin radius which is5 nm. Work to overhaul the GEMACH aerosol nucleation to reflect recent

advances and to include a posicleation growth scheme will be described elsewhere.



3.3 Aerosol Constituentsand Bin Size Distribution

155 CAM has eight aerosol constituents: sulfate (SU), ammonium (AM), nitrate (NI), crustal matesial dust(CM),
sea salt (S), primary emitted organicarbon(PC), secondary organ@arbon(OC) and elemental or black carbon
(EC). Aerosol water and aerosol number are diagnostic fields in CBKIMV aerosol number iderived from

aerosol dryvolumemassand bin size The aerosol water used for coagulation and scavenging processes is not
taken from HETV but calculated via the scheme described in Appendix A of Gong et al. (206)is based on

160 Hanel (1976) This scheme takes into account the Kelvin curvature effect for small diameter parficdesddress
the lack of particle RH exposure historshe hydration growth factor is linearly interpolated between the

deliquescence and crystallizatipnints(Gong et al., 2003)

MOSAIC has arexpaned list of aerosol constituentompared to CAM but lacks primary emitted organic carbon
As noted in section 3.1, we extend MOSAIC to include PC. The MOSAIGBk carbonyand OC(organic

165 carbon)constituents are mapped intoe EC and OC constituents as used by CARIustal material is spliinto
calcium (CA), carbonate (CB) and otherriganic matter (Ol). Sea salis regpresentedby sodium (NA) and chloride
(CL). Methanesulfonic acid (MSA), aerosol number (NU), aerosol water (WA) and aerosol hysteresis water (HW)
are introduced asansportecconstituents.We do not have emissions and chemistry for MSA in GEMCH, so
for this study MSA is not usedAerosol water uptake in MOSAIC uses the ZdanovSkikesRobinson (ZSR)

170  method (Zdanovskii, 1948; Stokes and Robinson, 19@f@d accounts for the Kelvin curvature effect in the

calculation of the water activitfZaveri et al., 2008) In the MOSAIC version used here we do not include the
contribution of organics to water uptake for consistency with CAMn contrast to the CAM option, MOSAIC
aerosol water is subject to hysteresis effects as determined bygripehensivdlESA submodel (Zaveri et al.,
2005)

175 The samel2-bin size distribution isadopted forboth CAM and MOSAIC with bin limits specified in radius
(microns) by: 0.0052™Y, n = +13. Each constituenis represnted by 12 tracers totaling 96 for CAM and 168
MOSAIC.

3.4 Surface Emissions

180 Thegas andin-resolvedaerosolemissiongprocessed for thAir Quality Model Evaluation International Initiative
(AQMEII) Phase 4 projediGalmarini et al., 2021&re usedor both the CAM and MOSAIC optionsThe surface
emissions for gases and aerosols consist of area and major point sources (stack em&sickgmissions are
distributed into the near surface domain using a pliseemodel(Akingunola et al., 2018) Area emissions are
distributed using vertical diffusion.Fire emissions arbandledas major point sourcemd subjected to thBriggs

185 plumerise scheme fronthe Community Multiscale Air QualityGMAQ) model (Li et al., 2023) Biogenic area
emissionsof plant nonmethane volatile compounds (VOC) and soil N&e calculated online. Vegetation
distributions are from th&ridded Biogenic Emission Land Use Database (BELD) versi{lRi€dce et al., 2000)



Emission rates fronthe Biogenic Emissions Inventory SysteBE|S) version3.09 (Vukovich and Pierce, 2002ye

normalized for use with model predicted meteorological conditions.

190 Non-pointemissions used in this study inclualethropogenidugitive dustwith meteorological modulatioand road
emissions with the effect of vehicle induced turbulence accountedMakar et al., 2021) Meteorological
modulation is parameterized as a weighting factor which is zero if the grid cell ground moisture fraction is over 10%
and has a value between 0 and 1 depending on the grid snow cover fragtilynanthropogenic area and major
point source dust emissions are accounted 8BEM-MACH currently lacks an online dust emission scheme for

195 nonanthropogenic sourcesSea salt emissions are generated online using the-Monghan schemgéSong et al.,

2002)

Dust emissions argeciatedandconsist ofCa, Mg,K, Na, Fe,Mn and the remaind€lCM). They are used by the
aqueous chemistrgchemefor all simulations. However, the HETV version used with CAM does not use these
metal cationgnd they are lumped into CM~or MOSAIC, soil Na, Mg, and K are lumped into NA, but Fe and Mn

200 are lumped into OI following the prescription Haveri et al. (2008) Lumping is done on a molar basis and
conversion to mass assumes the molar mass of the target tracer. The carbonate emissions for MOSAIC are inferred
from Ca assuming that it is part of Ca£OlIn reality, CQ is not restricted in this fashion and can exist in
association with other base catiof@sg. Doner and Lynn, 198%ut we do not have the detailed crustal material
characterization available for this studyhere are dusind fire emissions athloride, but these are not accounted

205 for in our emissions inputs.

If the cationspecies were included aslividual sizebin tracersthenfor CAM this would add 72 traceend48 for
MOSAIC (since Na and Ca aedreadyincluded). To reduce the comptibnalcost bulk tracers aréntroducedfor
each of the sixationemissions For MOSAIC a bulk tracer for Ca is niotcluded but bulk crustal Na is added to
keep it distinct from sea salt sodiuior use with the aqueous chemistryhe CM (CAM) or Ol (MOSAIC) bin

210 massdigtribution is used to split thbulk traces into bins. The emission, transport and loss of the metal fractions
follows that ofthese aggregate constituerisd there are nadditional model processes which modify thén

distributionin a cationspecific way

Emissions inputs for point and area sourcesrepeocessed online for MOSAIC.OI is determined from CM by

removing the carbonate mass inferred from CASea salt emissions are split into Na and Cl based on the molar
215 mass. Aerosol number emissiorse calculatetbased on thbin total dryvolume(the sum of the dry mass divided

by density of each constituerd) emitted species aralrerage bin volume This is a simplistic approade.g. Xausa

et al., 2018put aerosol number emissions are typically not measured and would not conform to the internal mixture

assumption of the model. We do not add aerosol water emissions

220  3.5Chemical ConstituentLateral Boundary Conditions

Lateral boundary conditions for gases and aerosols produced for the A@MiglulationgGalmarini et al., 2021)

are used for both CAM and MOSAIC. They are taken from the Copernicus Atmosphere Monitoring Service
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(CAMS) reanalysiginness et al., 2019nd have a three hour temporal resolution. Missing gas and aerosol species
from the CAMS reanalysis product were supplied by seasonal snfieen a MOZART-4 (Emmons et al., 2010)
simulation for 2009 with meteorological inputs from GE&S(Molod et al.,, 2015) MOZART is a chemistry

transport model using different chemistry and physics routimas those in GEMMACH. In the future, global

GEM-MACH simulations will be used to produce high temporal and spasalution boundary conditions.

CAMS andMOZART only havebin-distributedsea salt and dust but other constituents such as sulfate are bulk
fields. CAMS provides3-bin datathatspans diameters from 0.06 pum to 40 um. MOZART proviibin data that
spans diameters from 0.1 ym to 10 pm (dust) and 20 pm (sea salis lowtbin resolution data wagprocessed

into 12 binsvia linearinterpolationbasedon dry-adjusted radius fractions for CAM&.inear interpolation was also
carried out for MOZARTdata but using lognormal radius distributions to compensate for lack of size range

overlap. Bulk constituents were sizgistributedas single modesgsinglog-normalfunctions (Emmons et al., 2010).

To adapt lateral boundary conditions for MOSAIC, the CM and SS constituents were split as follows. The CM field
was decomposed into CA, CB and Ol assuming calcium is 1:1 associated with carbonate. Thé&acaG®of

CM is taken as a uniform 2.5% which is reasonable for North AmérigaReff et al., 2009) The mass fractions of

CA and CB out of this 2.5% of the total mass were determined using the molecular weights of Ca.ar®iS0&as
decomposed into sodium (NA) and chloride (CL) based on their molecular weight fractions assuming that no other
seasalt constituents are presentAerosol number was obtained from the total dry aerestiime as for the

emissions.

3.6 AqueousChemistry

The aqueous chentig for all aerosol submodeloptionsmakes use of speciatédstemissions. This includes Ca,
Mg, K and Na to account for their impact on ,phhd Fe and Mn for HSfOoxidation to sulfate (Ibusuki and
Takeuchi, 1987) Base cations affect the sulfate formation rate through the high sensitivity ofs;theidation
pathway to pHe.g. Turnock et al., 2019)The scheme does not cisex chloride We have chosen to exclude sea
salt N& from MOSAIC in the aqueous chemistry scheimé&e consistenwith the CAM optionand aly includethe
dustemissionsourceas in CAM

3.7 Wet and Dry Scavenging of Aerosols and Gases

For dry deposition of gases, GEMACH uses aWesely (1989)type scheme (see supplementM#dkar et al.,
2018. The dry deposition of aerosols is handled by the scheme of Zhang et al. (2004 gxisting model code
was modified to include aerosol number as a deposited species.

For this work we have also introduced tBmerson et al. (202QEMR) dry deposition parameters as an additional
option. This is motivated by the availability of more comprehensive observational data sets used to update the dry

deposition model. Over land, theEMR schemehas a substantially reduced deposition velocity for particles with
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diameters less than 500 nm but substantially increased deposition velocity for diameters over 1B8nnm
compared to the Zhang et al. (2001) schésee Figure In Emerson et al., 2020 Over water there is a substantial
reduction in the deposition velocity for PM25Bhe shift in the scavenging minimum from sizes abdvem to

around 0.1 um in th&merson schemeesults in better agreement withservationswhich is supported by other

studies(e.qg. Pleim et al., 2022; Jiang et al., 202#s discussed below, this has a significant impact on the

MOSAIC resultgdue to differences in the size distribution compared to CAM

MOSAIC includes HCI production in the aerosol phard degassing through formation of NaNOThe ADOMiI
chemistry optiorused for this study does not include HCI, this speciesvas added as a new gas tracer with dry
deposition and wet scavenging. The dry deposition parametessraligg tothose ofHNOs. The wet scavengingf

HCI was represented in treame manner as aerosols since HCI uptake into droplets is not part of the aqueous
chemistry formulation. A more comprehensive treatment of HCI chemistry would be preferabis batond the

scope of this study.

4 Simulations and Results

We conducted ongear model simulé&ns for 2016for the CAM and MOSAICoptionson al10 by 10 km(772 by

642 grid)regional North American domaiisee Fig. 3 in Majdzadeh et al., 202@jh 84 staggered hybridertical

levels extending to about 60 kmTo save on computing resourcebemistry and aerosol processes are calculated
over the bottom Blevels which cover the troposphere and the lowermost stratospid@ve the moist tropopause

(less than 10 ppmv of watethe model uses a linearized chemistry to forecast o@dickinden et al., 2000; de
Grandpré et al., 2016)The initial tracer state inpatt0 GMT on January 1, 2016r CAM is taken from AQMEH

4 simulations. For MOSAIC this input is reprocessed to match needed constituent inputs and used to conduct a
two-week spinup run to produce a new initial state.NeverthelessMOSAIC simulationsstill have an initial

adjustment transienthich has amallimpact on the results presented here

Dynamical boundary conditionand initial statesare taken fromglobal 2016 GEManalyses withthe Global
Deterministic Prediction SystefGDPS; Buehner et al., 2018)th output on a 1249 by 834 grid with 81 levels.
For theruns conducted herehe dynamical state is-initialized every 24 hourgsingtheseanalyss with a 3hour

adjustment periad

Four simulations were producedwo reference runglesignated as REFor CAM and MOSAICuse theZhang et

al. (2001)aerosol dry deposition scheraedtwo runsusing the same inputsit with the Emerson et al. (202@ry
deposition parameterdesignated as EMR Model aerosol and gas fields are saved every hour at the surface and at
all model levels once every 24 hours at 0 GMWe present diagnostics of surface distributions and observation
station comparisonsf PM2.5and total PMaerosolin the following subsections.A comprehensivealuation of

gas phase constituerissbeyond the scope of this papleut we include some analysisvith station observationis

Section S2 of the supplementary material.
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Figure la: Seasonal mean surface sulfate (ugAnfor the reference MOSAIC run (left), reference CAM run (center) and
observationproducts (right).
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4.1 SeasonalMean Surface Distributions

In this section we present surface distributiofidPM2.5 sulfate, nitrate and ammonium for tREF and EMR

295  model runs and compare themainst themodelobservation synthesis product from van Donkelaar et al. (2019)
(referred to as observatigiroducs henceforth).  Figure 1a shows theseasonal average surface distribution of
sulfatefor the referencsimulations withMOSAIC (left column), CAM(middle column) andobservationproducs
(right column) MOSAIC shows a 120% low bias for sulfatecompared to CAM over the soudfastern part of
North America, especially in summer. BOSAIC and CAM have a low biaselative tothe observation

300 producsin winter (DJF)overmostof the domain. There is a substantial low bias over the eastern USA and Canada
south of 50N and a general low bias over the Arcticand-fubct i ¢ r egi ons aWihwithdr Hudson
aerosol option GEMMACH, sulfate does not exceedpy/m?. But it can exceedl.5 pg/m® in the observation
producs. In spring (MAM), the model shows excessive sulfate at the southern boundary of the domain over eastern
Mexico but continues to have a low bias over the eastern USA albeit reduced in magnitude. There is also a

305 significant low bias over California. Thagreement withthe observationproducs is betterin summer (JJA)
although there is a low bias to the north of the Gulf of Mexico and over California. In the fall (SON), the model

retains the low bias over California and has a low bias to the south of the Great Lakes region.

The summer low bias over the Northwest Territories, British Columbia and northern Alberta and Saskatchewan
appears to be at least partigked to inadequate forest fire emissions and distribution.  The treatment of fire
310 emissions for the AQMEH project did not include realistic handling of pyaonvection and fire plumes in general.
This is reflected in simulations presented heRifferences betweethe MOSAIC and CAM sulfate distribution are
independent of the thermodynamics schesimee sulfuric acid is a low volatility vapor which is condensed using
the same formulation in both caseAs described in Section 3l.MOSAIC and CAM have substantially different
particle size distributiamwhich affect sizedependent removal processe3his becomes readily apparesith the
315 EMR runs(see below).

Figure 1b shows theseasonal nitrate distribution Due to additionahitrate formation pathways, MOSAIC
produces substantially more nitrate over the oceans. MOSAIC includes Na and Ca which buffeotlzeidol
particles which allows more HNfQiptake(Karydis et al., 2021) Sea salt chloride is lost via HCI formation which
results in a net pH increase. MOSAIC underestimatesitlNe Great Lakes region in winteompared to CAM
320 and CAM has a low bias relative tioe observatiorproducs. Observed itrate exceeds 2.fg/m? in this region and
3.5 ug/mé to the southwest of Lake Michigan.  The model does not exceedud/Br for either aerosol option.
CAM has an overall better agreement witk observationproducs in the spring but has a high bias to the south of
the Great Lakes region in summer. MOSAIC is closethtoobservationproducs in summer. CAM has
relatively less bias compareditee observatiomproductin the fall compared to MOSAIC.MOSAIC has excessive
325 nitrate formation over the oceans as can be inferred from the high bias over Baja California and Florida. This
appears to reflect the excessive sea salt emissions in the (Bpdela et al., 2013; Jaeglé et al., 20441 dry

deposition has an impact as will be discussed below.
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330

335

The seasonal idtribution of NH, is shown in Figurelc. The spatial integral oMOSAIC valuesis substantially

smaller thanCAM for every season even though the range of concentration values is the samwinter both

aerosol options produce too little ammonium in the southern Great Lakes region where concentrations can exceed 1
ug/m®.  Both CAM and MOSAICproducetoo much NH in both solstice seasons in the region of Florida and
western Mexico. Both aerosol schemes produce too muchirNthe eastern USAnd Great Lakes region

spring, summer and fall Model values areabovethe level of0.5 ug/m® which is not exceedeth the the
observatiorproducs. During these seasons the model fails to spread ammonium over California outside of the Los
Angeles region and th@entralValley. This points tamodellimitations in thetransport and mixing in theoundary

layer andoy convecton.
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Figure 1b: Same as Fig. 1a but for nitrate.
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MOSAIC
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Figure 1c: Same as Fig. 1a but for ammonium.

14



340 The lower MOSAIC ammonium concentrations in the Great Lakes region and to the south are in agreement with
reduced nitrate in this region when compared to CAM. However, this is not the case for Florida and the Gulf of
Mexico coastal region where higher nitrageassociated with lower ammoniumThis is consistent withitrate
being transported inland from production regions over sea wéeresubstantiabmmonia emissions are absant
the model

345 The impact of changing the dry deposition schemeulfatels shown in Figur@a. The low biagelative to CAM
seen in th&REF simulations essentially disappeanshe EMR simulationand MOSAIC has slightly higher values
compared to CAM in summer and fall. The relative difference between tBIR and reference simulations is
shown in the right two columns. MOSAIC exhibits an increase over most of North America in all four seasons.
By contrast, CAM exhibits a general decrease outside of Alaska in spring, summer and fall. Both aerosol schemes
350 show a decrease in all seasons over the US sa#hh The oppositesponsef MOSAIC and CAMover most of
the year to dry deposition changes reflects the size distribution difference between these optionsMAGHEM

which impact dry deposition (see Section 4.3)

Figures2b and2c show the EMR nitrate and ammoniumespectively  The excess nitrate comparedtiie
observatiorproducs over Florida for MOSAIC is substantially reduced. There is general attenuation of MOSAIC

355 nitrate in coastal regions in all seasons except for Baja California and the USastrth CAM shows a similar
pattern but weaker in magnitude. n MOSAIC also shows a more pronounced change compared to CAM in the
continental interior.  The change is negative in JJA and SON but is positive in DJF and a mixed picture in MAM.
The EMR nitrate change positively correlated with the EMR ammonium change in BdBin the Great Lakes

region in MAM but is negatively correlated in other seasons attteiestern USA.

360 Nitrate and ammonium have distinct size distributionthe MOSAIC runswith nitrateoccurringmore in the larger
size bins ¢ee Fig11) with ammonium peaking in the accumulation mode. As discussterin Section 4.3, the
EMR runs involve enhanced removal for particle diameters above 500 nm but reduced rensmallér particles.
In DJF, the MOSAIC nitratsize distributionis dominatedby the accumulation mad In the other three seasons,
nitrate mass is distributed primarily in the coarse mod#is accounts for the negative sign of the EMR difference
365 from the reference case in DJF.CAM lacks the pronounced nitrate peak in the coarse mode, but the overall
distribution is shifted to larger sizes compared to MOSAIC.(Ely. This explains the smaller magnitude change
relative to the reference caseBy contrast, ammonium masgsr both aerosol models distributed mostly in the

accumulation mode throughout the yaad the EMR induced difference is positive.

The surface dry deposition flux of PM2.5 sulfate is showRigure 3a for the REF runs and Figure 3b for the EMR

370 runs. MOSAIC has more dry deposition than CAMtime reference case as seen in the absolute difference (right
panels) inspite of having lower sulfate concentrations in winter, summer and fall.  The spring response is distinct
but consistent with the monthly progression of the difference with the minimum (defined as spatial extent of the
positive difference) occurring in April (not shown).  This behavior cannot be explained as a moea spin
transient. For the EMR case, th&tuation is reversec&nd CAM has more dry deposition than MOSAIC. Spring

375 is not an outlier like in the REF case but has the larggstially integrated difference of all the seasons. It is
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apparent that with Zhang et al. (2001) dry deposition parameters there is more aerosol removal at the surface for
MOSAIC than for CAM.

MOSAIC CAM EMR-REF MOS EMR-REF CAM

S

DJF

MAM
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0.000 0.005 0.010 0015 0.025 0.035 0.050 0.1‘ 00 0.150 0.250 0.350 0.500  1.000 1.500 2500 3.500 5.000

Figure 2a: Seasonal mean surface sulfate (ugfrfor the Emerson et al. (2020) dry deposition parameter runs with
380 MOSAIC (first column), CAM (second column) and the difference relative to the reference run from MOSAIC (third
column) and CAM (fourth column).
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385  Figure 2b: Same as Fig23a but for nitrate.
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Figure 2c: Same as Fig23a but for ammonium.
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390 Figure 3a: REF sulfate surface dry deposition flux (umol/rf) for MOSAIC (left), CAM (center) and the difference (right).
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Figure 3b: EMR sulfate surface dry deposition flux(umol/m?).
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4.2 Observation Station Network Comparison.

A monthly evaluation of the modeVas conductedsing aerosol and gas measurenstationnetworks. Themodel
PM2.5 speciatederosolmassis compared to threaetworks the US Environmental Protection Agency Chemical
Speciation Network ¢SN), the US Interagency Monitoring of Protected Visual Environments Network
(IMPROVE) andthe Canadian National AiPollution Surveillance Network (NABS CSN and IMPROVE data
can be accessed dittps://ags.epa.gov/agsweb/airdata/download_files,htnld NAPS data ahttps://data
donnees.az.ec.gc.ca/data/air/monitor/nati@iapollution-surveillancenapsprogram. We group stations from all
three networks into four regions: NAL1 for western North Amef859 stations)NA2 for the soutkeasernUS (274
stations) NA3 for the northeasern US and eastern Cana(l246 stations)and NA4 for the Great Lakes and mid
western region§267 stationsfFigure4). These regions are approximately the same as defiledénal. (2015)
with the addition of more NAPS stations and the extra region.NA4

Total PM speciated aerosol moaeitputis comparedvith data from the CanadidAir and Precipitation Monitoring
Network (CAPMoN) https://datadonnees.az.ec.gc.ca/data/air/monitor/monitedftigombinedatmospheriggases
andparticles/majotions-andacidifying-gasey and the Clean Air Status and Trends Network (CASTNET)
(https://gaftp.epa.gov/ICASTNET/CASTNET_Outgoing/datarhese networks cover rural areas. As with PM2.5
observations we group these stations intoNbeth America domain and tHeur sukregionsdefined above The
focus here is on aerosols butneore detailed comparison of NHHNG;, SO, Os and NQ is given in the
Supplement._Measurement uncertainties for the observation networks considered here are given in Taiple S3
Section S3 of th&upplement. In general, tHeSN, IMPROVE and NAP&oncentations of sulfateand nitrate
have uncertaintiegaround15% or less. FOCAPMoN and CASTNEThe sulfateuncertainty bounds 9-13% and for

nitrate itis 18-25%. For ammonium the uncertainboundis under 15%for networksexcept for CSNwhere it is
20%

Figure5 shows theNorth America domairannualtime-series ofmonthly all-station averagef sulfate, ammonium

and nitrate for 2016 for CAMblue), MOSAIC (red) and observations (black)Rural (middle row) urban(bottom

row) and combinedtop row)stationconcentrations are shownSolid curvesare forREFCAM and MOSAIC uns

The dashed curvewe forEMR runs Curve labels include values frotwo similarity metrics. The first of the pair

is based on curve leng{{€ao and Lin, 2008and the seconi based on area between cur¢@skel et al., 2019)
Comparison is relative to observations dmaer value correspond to a closer fit.The first metriccaptures shape

and can have similar values even though the spread between two curves is different so the second metric acts to

separate such casesrThe similarity metrics from Figures are tabulated in Table4S with some additional

discussiorin Section Sl of the Supplement

The REF MOSAIC sulfate shows a low bias relative @M in the 18620% rangeas expected from the surface
distributions presented in the previous sectioMlOSAIC sulfate isalso low relative to observatiorfer most

months  The combined statiorsulfate for oth aerosol options sh@wa pronounced low bias relative to
observatios in winter monthsand April  This is true for both th®EFand EMR runs. This model bias is driven

from rural station locations, where there is also an underprediction in May, June and November.
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The REFCAM combined station nitrate is closer to observations in the summer nuttpared to MOSAICbut

this reflects an offsetting of a high bias in urban stations compared to a low bias in rural stations. MOSAIC has a
high summettime biasfor bothrural and urbarstations. As with sulfate, there is a low bias intetrfor both CAM

and MOSAICdominated bythe rural station locationsAmmoniumfrom MOSAIC is reduced compared to CAM

andis closer to observatiorisr both urban and rural statiandHowever, bottCAM and MOSIAC have high NH

Figure 4: Locations of speciated PM2.5 and total PM observation stations grouped by region and AERONET stations
used for this study (black symbols). CSN, NAPS and IMPROVE stations are represented by diamonds aBASTNET
and CAPMoN stations are represented by crosses.

biasthroughout the yearThe overall lower ammonium values in MOSAICaissociated witlthe presence of base
cations (Na and Ca) which affect the partitioning of ammonia into the aerosol(pes® et al., 2009; Guo et al.,
2018) It is likely that the norequilibrium characteristics of the MOSAIC scheme are contributrepme extent
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