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Abstract

We incorporate the recently developed Regional Afpheric Chemistry Mechanism (version 2, RACM2) ittite
Community Multiscale Air Quality modeling systent fmomparison with the existing 2005 Carbon Bond
mechanism with updated toluene chemistry (CBO5Tdmpared to CBO5TU, RACM2 enhances the domain-wide
monthly mean hydroxyl radical concentrations by 4&3d nitric acid by 26%. However, it reduces hy@rmg
peroxide by 2%, peroxyacetic acid by 94%, methylrbgen peroxide by 19%, peroxyacetyl nitrate by 4afa
organic nitrate by 41%. RACM2 enhances ozone coetptr CBO5TU at all ambient levels. Although it éited
greater overestimates at lower observed concemisgtit displayed an improved performance at higioserved
concentrations. The RACM2 ozone predictions are sigported by increased ozone production effigi¢hat
agrees better with observations. Compared to CBQBALM?2 enhances the domain-wide monthly mean sulfa
by 10%, nitrate by 6%, ammonium by 10%, anthrop@gsacondary organic aerosols by 42%, biogenicrsany
organic aerosols by 5%, and in-cloud secondaryricggerosols by 7%. Increased inorganic and orgagtiosols
with RACM2 agree better with observed data. Anypaillution control strategies developed using the t

mechanisms do not differ appreciably.
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1. Introduction

The composition of the atmosphere is understoamlitiir a combination of measurements and model pireatc
Since measurements of composition are sparse @espme, and chemical species; results of atmagpbleemical
transport models fill in the gaps. Atmospheric cletransport models are also used to developdiution
control strategies to improve air quality for arézet do not meet ambient standards. Chemicalgahsiodels
have many components, each of which has assocdiatattainty. The model framework includes transport
algorithms, deposition processes, meteorologieddsi emissions, and atmospheric chemistry. Theetizod
atmospheric chemistry is represented by a gas-pifesaical mechanism. This study isolates the impfact

atmospheric chemistry by implementing two differenémical mechanisms in a single chemical transporel.

Chemical mechanisms are continually updated t@betpresent laboratory studies and then testednsport
models. This summary will refer to three chemicalchranism series: State Air Pollution Research C€B8#®PRC;
e.g., Carter 1990, 2000, 2010), Carbon Bond (C&; &ery et al. 1989), and the Regional Atmosph@tiemistry
Mechanism (RACM,; e.g., Stockwell 1997). The SAPR€&chanism is not used in this study, but like CB and
RACM has had several generations (Carter 1990,,2201D). The CB mechanism was originally develoipettie
1980’s, and the fourth version (CB-IV) is widelyegsin urban to regional chemical transport modééswood et
al. (2005) updated CB-IV, now CBO05, to accuratétggdate pristine, wintertime, and high altitude ddions.
Recently, Whitten et al. (2010) updated CB’s tokiehemistry in CBO5TU. The RACM mechanism (Stockwel
al., 1997) was derived from the Regional Acid Déjims Model (Stockwell, 1986, Stockwell et al., 199
specifically to address regional application. Gddifal. (2013) recently updated the RACM mechartisiwversion 2
(RACM2).

The development of mechanisms is typically basednong-chamber studies, and subsequent studiesaév dhe
impact on chemical transport model predictiondCMAQ, several studies have examined the impacGBfV,
CBO05, SAPRC99, and SAPRCO07 (Sarwar et al., 200B];20uecken, et al., 2008; Faraji et al., 2008; &ail.,
2011; Hutzell, et al., 2012; Shearer et al., 20@2)ly two regional modeling studies, with a Eurapenodel, have
focused on RACM2. Kim et al. (2009, 2011) compaaacetarly version of RACM2 to CB05 over Europe amahfl
increases in ozone (by +5%) and most aerosolsafe(BQ*) by +16%, nitrate (N©) by +11%, ammonium
(NH,") by +10%)] except for secondary organic aerosa®A)S(anthropogenic SOA by -22%, biogenic SOA by -
1%). The impact of RACM2 on model predictions otrex US is unknown since both previous RACM2 studies
were conducted over Europe. The US contains a famyge of meteorological and emission conditiongradling
the formation of secondary pollutants, and thefoprovides a good region to examine the impattew
chemical mechanisms. Here, we describe the impdc@805TU and RACM2 on model predictions using a

chemical transport model.

2. Methodology



2.1 Model framework

The Community Multiscale Air Quality (CMAQ) modedirsystem is a three-dimensional chemical transpodel
and incorporates major atmospheric processes (BydrSchere, 2006). Prior studies suggest that CM#®Q
reasonably simulate atmospheric pollutants (ederB&nd Yu, 2006; Appel et al., 2007; Foley et2010). We use

the current CMAQ model (version 5) for this studyw.cmascenter.ojg The horizontal domain covers the

continental United States discretized using a 12gkichresolution while the vertical extent consist85 layers and
extends up to 50 hPa. Results from a global md@ES-CHEM, Bey et al., 2001) are used to derivendaty
conditions for the study. The model used cleaweitical profiles as initial conditions and a tesydspin-up period.
The Weather Research and Forecadtiegsion 3.3) model (Skamarock et al., 2008) usingipdated four-
dimensional data assimilation approach (Gilliaralgt2012) generated the meteorological fieldgtierstudy. The
Meteorology-Chemistry Interface Processor was applb develop the meteorological input data setthie®
subsequent CMAQ simulations since these modelwems exercised in an off-line mode. Gilliam andifRlé2010)
discussed performances for retrospective metedralbmodels. Meteorological fields used in the gtade deemed

adequate since the bias and error are better ioge indicated by Gilliam and Pleim (2010).

2.2 Gas-phase chemistry

2.2.1 CBO5TU chemistry

Details of the CBO5TU chemistry have previouslyrbdescribed elsewhere (Yarwood et al., 2005, Whiteal.,
2010); only a brief summary is provided here. CBOS#Bes a lumped structure approach for representing
atmospheric chemistry. It consists of 172 chenieacttions including 20 photolytic reactions andsus® chemical
species to describe atmospheric chemistry (Tablk G$es kinetic data from the National Aeronasiiod Space
Administration/Jet Propulsion Laboratory (NASA/JRBander et 312003) and the International Union of Pure and
Applied Chemistry (IUPAC) (Atkinson et.aR005) review panels. The mechanism evaluationosagpleted by
performing chamber simulations and comparing theukition results with experimental data from thevérsity of
California, Riverside and the University of Nortlu@lina, Chapel Hill. It contains the bimoleculadaer-
molecular hydrolysis of dinitrogen pentoxide,(). However, following the recent International Umiof Pure and
Applied Chemistry (IUPAC, 2010) recommendationthie modified version used here, we (1) removeddhe
molecular hydrolysis of pDs and (2) lowered the rate constant for the bimdéerduydrolysis of NOs. CBO5TU
also accounts for the production of sulfuric adalthe reaction of hydroxyl radical (HO) and sulflioxide (SQ).
However, we updated the rate constant of the mabdllowing the recent NASA/JPL recommendation athis

also consistent with the value used in RACM2.

2.2.2 RACM2 chemistry
The RACM2 mechanism described in Goliff et al. (2Pses a lumped molecular approach for repreggntin
atmospheric chemistry. It consists of 363 chemieattions including 33 photolytic reactions amo@@ themical

species (Table 2). It uses kinetic data from séwenarces including the recent suggestions of IURRPAC,



2010) and NASA/JPL (Sander et,&011). The mechanism evaluation was completegeiprming chamber
simulations and comparing the simulation resulthwkperimental results from the EXACT campaign el
University of California, Riverside. It containslgrihe bimolecular hydrolysis of }Ds. Similar to CBO5TU, we
used the rate constant for the bimolecular hydislgEN,Os following the recent IUPAC recommendation. It also

accounts for the gas-phase production of sulfuwid ®ia the reaction of HO and $0

2.3 Emissions

The mapping of emissions of real organic speciesissions of mechanism species is a key compaméims
effective use of condensed mechanism in air poltuthodels. The assignments for the CBO5TU and RACM2
mechanisms were developed and can be obtairtgthafwww.engr.ucr.edu/~carter/emitdbhe 2005 National
Emissions Inventoryhttp://www.epa.gov/ttn/chief/net/2005inventory. httiimiventorydatg was used as the starting
point for generating model ready emissions. Emissjareviously prepared for the AQMEII phase 1 prb{ouliot
et al., 2012) were re-processed for CBO5TU and RRCMI other inputs needed for emission processiege
unchanged for this study. The Sparse Matrix Opet&tonel Emissions (SMOKE) system (Houyoux et 2000)
was used to generate hourly, gridded, and speaatett| ready emissions. All of the ancillary SMOKiputs were
based on the Version 4.2 2005 Modeling Platfanitpf//www.epa.gov/ttn/chief/lemch/index.html#200Biogenic

emissions were prepared using the Biogenic Emisdiorentory System (version 3.14) (Schwede e2aDp).

2.4 Aerosol chemistry

The details of the CMAQ aerosol chemistry have bdestribed in other studies (Binkowski and Ros&ii€)3;
Byun and Schere, 2006, Carlton et al., 2010). CMi&Scribes the aerosol size distribution using tlkbgeormal
modes (Aitken, accumulation, and coarse). Aergseties considered in CMAQ include inorganic aemmsmiganic
aerosols, sodium chloride, crustal materials, ahdraunspeciated material (Appel et al., 2013). &aus-phase
oxidation of S(IV) by hydrogen peroxide {8), O;, oxygen catalyzed by manganese tfiand iron (F&"),
methylhydroperoxide (MEPX), and peroxyacetic a&dCD) produce sulfate. Sarwar et al. (2013) dessribe
details of the chemical reactions in aqueous-phEse model also accounts for the production ofaécid (HNQ)
via the heterogeneous hydrolysis of. It currently uses the Dauvis et al. (2008) parameation for the
heterogeneous uptake coefficient that accountirfpacts of particle composition, water, phase effiarticulate
matter and temperature. CMAQV5.0 uses ISORROP[Rdlntoukis and Nenes, 2007) to determine partitgpof
inorganics between gas and aerosol phases.

The SOA in CMAQ is comprised of the contributionsr anthropogenic sources, biogenic sources, antbird
processes. A detailed description of the SOA in @\/i#as been provided elsewhere (Carlton et al., 2010
Anthropogenic SOA is formed from the reactions efizene, toluene, and xylene that produce orgamixpe
radicals. These peroxy radicals react with nitxie (NO) to produce semi-volatile organic compaoaind react
with hydrogen peroxy radical (H{to produce non-volatile SOA. Biogenic SOA is faunfrom the reactions of

isoprene, monoterpene, and sesquiterpene thatgeaduni-volatile organic compounds. The model atsmunts



for acid enhanced pathway for isoprene SOA fornmat®emi-volatile organics from anthropogenic armgbhic
sources partition and form SOA. Semi-volatile oigaralso form non-volatile oligomers through pdetiphase-
reactions. In-cloud SOA is formed from the aquephase oxidation of glyoxal and methylglyoxal (Canlet al.,
2008 and Carlton et al., 2010). Glyoxal is not ey represented in CBO5TU; therefore methylglgbwith a
Henry's Law coefficient adjusted to that of glyoxslused to represent in-cloud SOA production wiging
CBO5TU (Carlton et al., 2010). In contrast, RACMshtains both glyoxal and methylglyoxal and are used

explicitly in the model to produce in-cloud SOA.

2.5 Simulation details

Two simulations, one with each chemical mechanigere completed for the month of September 2006.TB&;
season, a period marked by elevated regiopgao@centrations, runs from May through Septemblke. 2006 Texas
Air Quality Study (TexAQS) was conducted during AsgSeptember (Parrish et al., 2009) and thusithelation
period allows for a comparison of model predictianth observations from the 2006 TexAQS. The faistulation
used CBO5TU while the second simulation used RACM#erences in the results between the two sinutet can
thus be attributed to the differences in the chahritechanisms. A third order numerical solver basethe
Rosenbrock method (Sandu et al., 1997) was ussalte the system of ordinary differential equations
representating gas-phase chemistry. The use of RAlGMeases computational time of the model by 37%
compared to that of CBO5TU. It should be noted thatincrease is due to the combination of an as®d number

of chemical species in the chemistry as well amarease in the number of transported species.

3. Results and discussions

3.1 Impact on key oxidants

3.1.1 Impact on hydroxyl radical (HO)

The importance of atmospheric HO is well establissiace it reacts with most atmospheric compoumnds a
determines atmospheric oxidation capacity. The GRDpredicted domain-wide monthly averaged HO iS(ptv
while the RACM2 predicted value is 0.07 pptv; thR&,CM2 enhances overall H@y 46% (Table 3). Spatially
resolved monthly mean HO obtained with CBO5TU drapercent differences between RACM2 and CBO5TU are
shown in Figure 1(a-b). Spatially, the predictecam&lO with CBO5TU ranged between 0.02-0.12 ppth wit
southern areas showing higher concentrations thethern areas. The southern plain states and pertib
California, for example, have the highest predictedcentrations. RACM2 enhances HO by 12-36% iretistern
US and 36-60% in the western US due to severabfacFirst, it produces more;@escribed later) than CBO5TU
and thus generates more singlet oxygen atorti®)(@a photolysis that subsequently enhance thdymtion of HO
via a reaction with water vapor {§8). RACM2 also produces more HO than CBO5TU froact®ns of olefins and
O3 due to higher production yields. RACM2 containditidnal reaction products that can subsequentigdpce
HO. For example, methyl acrolein is not an explitiemical species in CBO5TU, but in RACM2 it is akgie and
directly produces HO from photolysis. RACM2 useast& constant suggested by Mollner et al. (2010)He NG
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+ HO reaction which is lower than the value use@B0O5TU. It reduces the loss of daytime HO and aelseances
the concentration of HO in RACM2.

HO measurements are rare and insufficient to dafaty conclude that our predictions are biasece Téw
available measurements of HO, however, support RA8Mnhancement of HO. Measurements of atmosphkdic
concentrations in Houston during the 2006 TexAQ&Hzeen reported by Mao et al. (2010a). Medianipted

HO concentrations obtained with the two mechaniarescompared to the measurements in Houston irrd-if@).
Both mechanisms capture the diurnal variation efdhserved data; however, they both under-prefstwed
values both during the night and day. While CBOSInder-predicts the observed peak value by 30%, RACM
under-predicts observed HO by only 15%. RACM2 cegstuhe daytime observed values better than CBO5TU.
Although the under-prediction discussed above égifig to Houston, these results are consisterit aigrowing
body of literature showing model under-predictidiH® radicals in a range of environments (Hofzumsshet al.,
2009; Whalley et al., 2011; Lu et al., 2013).

3.1.2 Impact on hydrogen peroxide (H,0,)

H,0, is the most efficient aqueous-phase oxidant fercibnversion of S(IV) into S(VI) (Seigneur and Saxe
1988). Spatial predictions of monthly meagOzobtained with CBO5TU and the percent differencdsvben the
two mechanisms are shown in Figure 2(a-b). CBO5Tedlipts higher KO, values (> 0.8 ppbv) over the southern
and western areas of the modeling domain. It ptettever HO, values (< 0.6 ppbv) over Canada, the Midwest
and Northeastern US. RACM2 decreasg@Htby 9-15% in most areas except in the Southwest&mvblere it
decreases D, by 3-9%. In both mechanisms;®} is produced from the reactions of H®HO, = H,0, + O, and
HO, + HO, + H,O = H,0, + G, + H,O while it is consumed by photolysis and the reactvith HO. The rate
constant for the reaction 0,8, and HO, and the photolysis rates are similar ith lneechanisms. Unlike CBO5TU,
RACM2 produces kD, from alkene/Q@reactions. However, their contributions are gelhesmall and do not affect
the overall production of #D,. The rate constants for the reactions producis@ldre similar in both mechanisms.
However, RACM2 produces lower,8, because it also predicts lower kHéxcept over salt-water bodies.
Consistent with the enhanced H@redictions over salt-water bodies, RACM2 incread©, by 3-15% over salt-

water bodies.

3.1.3 Impact on peroxyacetic acid (PACD)

PACD is an aqueous-phase oxidant that plays anriaptorole in the conversion of S(1V) into S(VI)ha@ spatial
pattern of predicted PACD with CBO5TU is similarttat of BO, [Figure 2(c)]. CBO5TU predicts higher values (>
0.4 ppbv) over the southern and western areasafttdeling domain. It predicts lower values (< @p®v) over
Canada, the Midwest and Northeastern US. RACM2aesl?ACD in most areas by 60-100% [Figure 2(d)]CBA
is formed from the reactions of acetyl peroxy aighér acyl peroxy radicals with HOIn RACM?2, yields of

PACD productions from these reactions are only B@%ose in CBO5TU and predictions of Kl@cetyl peroxy
radical, higher peroxy radical are also lower tti@ose obtained with CBO5TU. Additionally RACM2 phbtsis



rates of PACD are about two times greater andategonstant for the reaction of PACD with HO de® greater
(7 times greater at 298 K and 1.0 atm) than tho$eB05TU. Thus, RACM2 predicts much lower PACD

concentrations compared to those with CBO5TU.

Measurements of PACD for the simulation periodrayereadily available for comparison with modelgiotions.
Zhang et al. (2010) measured PACD in an urban iiBpipnd two rural areas (Backgarden and Mazhuigng)
China. Measurements were conducted at three diff@eriods (2006, 2007, and 2008) in Beijing and ttime
period in Backgarden (2006) and Mazhuang (2008) cefeulated mean values for the entire samplingpddrom
reported daytime and nighttime mean values. Thenmahie for Beijing is 34 pptv in 2006, 113 pptv2@07, and
36 pptv in 2008. The mean value for Backgardervipfav and for Mazhuang is 117 pptv. CBO5TU prestict
monthly mean in southern and western areas of tideling domain range between 500-1000 pptv while
predictions for the northern area range betweeB®Dpptv. RACM2 predicted monthly mean in the seuthand
western areas range between 30-60 pptv while gredscfor the northern area generally range betvi€e80 pptv.
We also analyzed CBO5TU predictions for a summentin@July) in 2006. Predicted values are even grahan
the predictions in September. Many studies haverteg that current air pollution levels in China anuch greater
than the US. Thus, PACD levels in China are likelype greater than those in the US. In the absehary
measurements in the US, we compare our predictiotie higher observed values in China and fint @205TU
predictions are an order of magnitude greater tharigher observed values in China. While the CB05
predictions are too high, the RACM?2 predictionsegpo be similar in magnitude for such a compatiso
Measurements of atmospheric PACD levels in the téShaeded for a more robust comparison with theeihnod

predictions.

3.1.4 Impact on methylhydr operoxide (M EPX)

MEPX is also an oxidant for the aqueous-phase tigidaf S(IV) to S(VI). Similar to HO, and PACD, CB0O5TU
predicts the higher MEPX levels (> 0.4 ppbv) over southern and western areas of the modeling dojfRgjure
2(e)] and lower values (< 0.3 ppbv) in Canada, Midivand Northeastern US. RACM2 reduces MEPX owstm
land areas of the modeling domain by 24-40% winitedasing predicted values by 8-24% over some \iaigies
[Figure 2(f)]. MEPX is formed from the reaction miethyl peroxy radical and HQvhile it is consumed by
photolysis and the reaction with HO. The rate camistor the reaction of MEPX and HO in RACM2 is lew
(almost 30% lower at 298 K and 1.0 atm) than tha&ZBO5TU. RACM?2 photolysis rates of MEPX are
approximately 10% greater than those in CBO5TU tisiesnsumes more MEPX. The rate constant for the
formation reaction is similar in both mechanisma.(M2 predicts lower HQ thus the production rate of MEPX is

also lower.

3.2 Impact on nitrogen species

3.2.1 Impact on total nitrate (TNO3)



Predicted monthly mean TN@vith CBO5TU and the percent differences betweentwo mechanisms are shown in
Figure 3(a-b). Here TNE£represents the sum of HNGine-particulate nitrate, and coarse-particutateate.
CBO5TU predicts the highest TN southern California and the lowest Thi@large areas of western US and
Canada [Figure 3(a)]. CBO5TU predicts concentratiof0.5-1.5 ppbv over most of the eastern US. RRCM
increases TN@by 30-50% in some areas of southeastern US, d@asts of the Gulf of Mexico, and some areas
of the eastern seaboard, and 10-30% in most afdbern US and California. The important H\f@oduction
pathways are the daytime production via the reaafdNO, and HO and the nighttime production via the
homogeneous and heterogeneous hydrolysis©f.N'he RACM2 rate constant for the reaction of N@d HO is
slightly lower than that of the CBO5TU value. HowevRACM2 predicted HO concentrations are gredizn t
those obtained with CBO5TU; consequently, the dagtproduction of HN@by RACM2 is greater than that by
CBO5TU. In addition, a fraction of the reactionN® and HQ in RACM2 produces HN@which also contributes
to the additional daytime HN{production compared to that obtained with CBO5THanges in the nighttime

production of HNQ between the two mechanisms are much smaller ttarof the daytime production.

Predicted HN@results are compared to measurements from the NS research aircraft during the 2006
TexAQS (September 13) in Figure 3(c). Both mechasirack the variation of observed concentratiartside and
within the Dallas-Fort Worth urban plumes along flight path. While CBO5TU predictions generallylléow the
observed data, RACM2 predictions tend to slightlgrepredict compared to the observed data. How&B05TU
under-predicts the first and the last observed pedien RACM2 captures the observed data betteroVérll
slope of the fitted line of model predictions vessibservations from multiple flights was 0.87 f@@5TU and
1.13 for RACM2. Similar results are obtained formgaarisons with aircraft measurements on other daysell as
surface measurements from the Clean Air StatusTasads Network (CASTNET). We also compared CBO5TU
predictions from other model simulations to CASTNE&asurements (not shown here) and found thatigmnin
predicts HNQ compared to the observed data in summer montlmgrhRACM?2 tended to overpredict HN®

September, it may improve the model underpredistiarsummer months.

3.2.2 Impact on peroxyacetyl nitrate (PAN)

Predicted monthly mean PAN with CBO5TU and the petdifferences between the two mechanisms arersiow
Figure 3(d-e). CBO5TU predicted monthly mean PANaantrations are greater thad ppbv across the US.
Concentrations greater than 0.4 ppbv are predintéte Mid Atlantic States, Midwest, Southern P&iGalifornia,
and Idaho. The highest PAN is predicted in Califmruhile the lowest values are predicted in norif@anada.
RACM2 decreases PAN by 36-60% in Plain States, M&tvand California and 12-36% in other areas. PAN i
formed from the reaction of acetyl peroxy and mjgn dioxide (N@). The primary reasons for the decrease in PAN
with RACM2 are: (1) a lower rate constant (15% lowe298 K and 1.0 atm) for the PAN formation réati{2) a
higher rate constant for the thermal decompositattion of PAN, and (3) RACM2 contains two phogidy
channels one of which produces acetyl peroxy, whaahproduce more PAN, while the other does noO%IRJ

contains only one photolysis channel which prodweaesyl peroxy that can recombine with Ni© reproduce PAN.



RACM2 predicted acetyl peroxy radical is lower thhat obtained with CBO5TU which also contributeste
lower production of PAN. In addition, RACM2 alsortains a reaction involving PAN and HO which conssm
additional PAN though its impact is small. The eases in PAN with RACM2 in Idaho are primarily doe

differences in speciation of biomass emissionsstequent reactions.

Predicted PAN concentrations are compared to tioesdi measurements along the same flight pathgarg 3(f).
Both mechanisms track the variation of observed RARcentrations outside and within the Dallas-Néotrth
urban plumes along the flight path. However, CBOXDdsiderably over-predicts PAN compared to obskdata,
while RACM2 slightly under-predicts the observedad®verall, CBO5TU over-predicts PAN by 50% congubto
observed data, while RACM2 predictions are lowantbbserved values by 10%. Predictions on othes dksp
show similar agreement with observed data. Pre\studies (Yu et al., 2010 and Yu et al., 2012) carimg model
predictions obtained with CBIV and CB05 mechanismsbserved PAN from several field campaigns hdse a
noted that these mechanisms over-predict PAN. Tthes;hemistry in RACM2 has improved the predicion
PAN. Although not shown here, RACM2 also reducesptedictions of peroxypropionyl nitrate comparedhose
obtained with CBO5TU by similar magnitudes.

3.2.3 Impact on organic nitrate (NTR)

CBO05TU contains only one organic nitrate specieBRNwhile RACM2 contains several organic nitratesps.

All organic nitrate species in RACM2 are addeddomparison with NTR of CBO5TU. Predicted monthlyame
NTR with CBO5TU and the percent differences betwidentwo mechanisms are shown in Figure 3 (g-ledieted
NTR concentrations with CBO5TU are greater thahppbv across the entire US. Values greater@tappbv are
predicted in the Southeastern US and CaliforniaCRIR decreases NTR by 45-75% in the Southwesterands
Mexico and 15-45% in other areas due to sever#faéncluding: (1) NTR yields for many reactionsRACM2
are lower than those in CBO5TU (2) the rate condtarthe NTR + HO in RACMZ2 is 13 times greaterntthat in
CBO05TU and so consumes more NTR. As mentionedeeaRIACM2 produces greater HO than CB0O5TU; thus, th
consumption of NTR via HO in RACM2 is substantiadireater than in CBO5TU. RACM2 increases NTR irhima
primarily due to differences in speciation of bi@a@missions and subsequent reactions. Measureaientanic

nitrates are not readily available for the simalatperiod for comparison with model predictions.

3.2.4 Impact on secondary nitrogen species (NO,)

Predicted monthly mean N@vith CBO5TU and the percent differences betweerttfo mechanisms are shown in
Figure 4(a-b). Here we define N@s the sum of all products of NOxidation (i.e. secondary nitrogen species
including gaseous and particulate nitrogen sped@iesner et al., 2000). Thus, N@r CBO5TU is defined as NC=
NO3 + 2 x N205 + HONO + HNO3 + PAN + PANX + PNA TR + CRON + CRNO + CRN2 + CRPX + OPAN
+ ANO3; where all gaseous chemical species ar@eefin Table 1 and ANO3 is aerosol particulateatétr
Similarly, NO, for RACM2 is defined as NO= NO3 + 2 x N205 + HONO + HNO3 + PAN + PPN + MPAN
HNO4 + ISON + ONIT + NALD + ADCN + OLNN + OLND + ARD3; where all gaseous chemical species are
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defined in Table 2. CBO5TU predicted NEncentrations are greater than 0.5 ppbv forralisiin the US. Values
greater than 3.5 ppbv are predicted in southerifd@aila while 2.0-4.0 ppbv are predicted in theinity of major
urban areas of the eastern US. RACM2 decreasgdN@-40% in areas of the Southwestern US, thé @Gul
Mexico, and the Atlantic Ocean, and by 8-24% ireotireas. As discussed earlier, RACM2 enhances; Witie
decreasing predictions of PAN, PPN, and NTR conthtzeCBO5TU. The decreases in PAN, PPN, and NTR

overwhelm the increases in Thf@onsequently, RACM2 decreases NO

The major components of N@re TNQ, PAN and NTR which account for 81% in CBO5TU (meamain-wide
value) and 84% in RACM2. TNgs the most dominant chemical species in mean &Oounting for 34% of NO
in CBO5TU. NTR is the second most dominant chenspalcies and accounts for 29% of NOCBO5TU. RACM2
lowers NTR by 41% compared to that of CBO5TU antthésprimary reason for the reduction in N®AN accounts
for 18% of the mean NGn CBO5TU. RACM2 lowers PAN by 40% compared to CBO5 which also contributes

to the reduction in N©

Both NQ, and NQ concentrations are measured in the Southeastensél®esearch an@haracterization
(SEARCH) network. N@concentrations are derived by subtracting,ffom NQ, measurements and are compared
to the predicted NOvalues for the Yorkville site in Figure 4(c). CBO3 over-predicts NQcompared to the
observed data while RACM2 predictions agree beititr the observed data.

3.3 Impact on O3

3.3.1 Impact on surface O3

Predicted monthly mean;@vith CBO5TU and the percent differences betweernttio mechanisms are shown in
Figure 5(a-b). Mean predicted;ncentrations are greater ttZhppbv in all areas of the US. Predicted O
concentrations are the highest in southern Caldicand the lowest in northern Canada. Predictechrigas lower

in the eastern US than in the western US. Mearegadwe greater in the southern US and Mexico tinasetin the
northern US and Canada. RACM2 increasgi@nost of the modeling domain [Figure 5(b)]. Tihereases are
greater (generally 6-12%) in the southern areh@fiomain while smaller (0-6%) increases are ptedim the
northern area of the domain. Kim et al. (2009) alsmpared @predictions from the two mechanisms over Europe
and noted that RACM2 predicted higheytBan CBO05. Several factors in RACM2 increase@npared to
CBO5TU: (1) while the N@photolysis rate in RACMZ2 is higher, the rate cansfor the titration of @by NO in
RACM2 is lower (2) a lower rate constant for the NiKCHO reaction, (3) NQrecycling from organic nitrate and
other species is greater in RACM2, and (4) sontb@brganic chemistry (especially aromatic chemgiroduces
more RQ in RACM2; thus, the conversion of NO into M@a the NO and R&reaction is greater in RACM2. Kim
et al. (2009) provides a more detailed descriptibine differences in the two mechanisms that teashhanced ©
formation in RACM2.
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Daily maximum 8-hr @ concentrations are calculated using ambient mongalata from the Air Quality System
(AQS). Figure 5(c) presents the median and intertija ranges of predicted values from both medrasi
compared to observed concentrations binned at b ippervals. CBO5TU over-predicts;@hen observed
concentrations are lower than 60 ppbv. RACM2 insesdhe @bias over this lower concentration range. Both
mechanisms perform relatively well at observed eatrations from 50-70 ppbv. Over 70 ppbv, CBO5Tdem
predicts while RACM2 improves the comparison. THRACM?2 better reproduces observed data at higher

concentrations but over-predicts at lower concéiotna.

3.3.2 Impact on diurnal and day-to-day variation of surface O

Hourly diurnal observed £at AQS sites and the model predictions obtainet thié two mechanisms are presented
in Figure 6. Predictions with both mechanisms trifiekdiurnal pattern of observed.®owever, nighttime

predicted values obtained with CBO5TU are 6-8 pgit@ater than the observed values. Nighttimev@r-

predictions by atmospheric chemical transport modgke from model resolution artifacts and hawnhbeported

by other investigators (e.g., Arnold et al., 200B0 et al., 2010b). CBO5TU predicted peak valuesers the
observed value by ~8 ppbv. RACM2 predicted valuesggaeater than those with CBO5TU and exceed tkergbd
values by a slightly larger margin. Thus, RACMZ2resses @predictions at all hours compared to those obthine
with CBO5TU.

High concentrations occur during @pisodes. Thus, it is important that air qualitydals capture these high
observed values. Results of average daily maximim©g predicted by the two mechanisms are compared to
observations from all AQS sites in Fig. 7. We uatadnly when observed 8-k @alues are greater than 75 ppbv.
While both mechanisms tend to under-predict higbeobed concentrations, RACM2 captures the datedian
CBO0O5TU. The CB0O5TU captures the observed datarbatlg on 7 days while RACM2 captures the obsemiath
better on 19 days. Values do not appear in ther€ign days when no observed data exceeded thédideMean
bias for CBO5TU was —6.6 ppbv while mean bias f&ilOR12 was only -2.2 ppbv for the entire period. RAEM
improves mean bias by 4.4 ppbv when observed dalyimum 8-h @>75 ppbv. Thus, CBO5TU underpredicts O
at the higher end of observed concentrations vVRHEM?2 enhances and improves f@edictions at such
conditions. On the other hand, RACM2 predictiores gneater than the CBO5TU predictions and observed

concentrations at the lower end of observed values.

3.3.3 Impact on vertical distribution of O,

Vertical profiles of Q obtained with CBO5TU and RACM2 at 18 UTC on Segienil3 are presented in Figure 8.
Data shown in the figure are obtained by averatfiegdomain-wide @at 18 UTC. These vertical profiles reveal
that RACM2 enhancess@p to 11,000-meters. RACM2 enhanced®3-4 ppbv from surface to 7,000 meters and
1-2 ppbv above 7,000 meters. Predictions on othgs dre also similar. Thus, RACM2 consistently eicka Q

from surface to upper troposphere compared to tbbsgned with CBO5TU.
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3.4 Impact on ozone production efficiency (OPE)

OPE has been defined by several investigators (€gjnman et al., 2002) and can be calculated filoenslope

from a linear regression of the relationship betwdaytime Q and NQ concentrations and for aged air masses
(O4/NO > 46) (Arnold et al., 2003). OPE calculated aethdifferent sites using model predictions and
measurements from the SEARCH network are presémtéidure 9. For the Yorkville site, OPE derivedrr the
measurements is 8.9. The CBO5TU based value isso#lwhile the RACM2-based value is 8.4. Thus, CBO5
under-predicts OPE while the RACM2 based valueegbetter with the observation based value. A coisgaof
OPE derived from the Centerville and Oak Grove sigasurements to model based values also showarsimi
results [Figure 9(b-c)]. RACM2 produces morgviile decreasing N hence it enhances OPE compared to that
of CBO5TU.

3.5 Impact on secondary aerosols

3.5.1 Impact on secondary inorganic aer osols

Predicted monthly mean $Owith CBO5TU and the percent differences betweertwo mechanisms are shown in
Figure 10(a-b). CBO5TU predicts high $@oncentrations over the eastern-half of the USeypiedicting low
concentrations in the western US. RACM2 increas@g Scross the entire US compared to CBO5TU. It in@gas
SO by 15-25% in southern California, in a portion @ihern Plains, and by 5-15% in other areas. While
RACM2 enhances the production of $®ia the gas-phase $@xidation by HO and the aqueous-phase S(1V)
oxidation by Q, it decreases the production of 8@a aqueous-phase S(IV) oxidation byd4, PACD, and

MEPX. The increase in S®production via the gas-phase Sxidation by HO and the aqueous-phase S(IV)
oxidation by Qoverwhelms the reduction in $0production via aqueous-phase S(1V) oxidation b PACD,
and MEPX, resulting in the net increase insS@redictions with RACM2. Increased $0also translates to

enhanced Ni. Higher HNQ also leads to more partitioning to N©@ompared to the CBO5TU simulation.

Ambient monitoring data from all monitoring sitesthe CASTNET network are used to compauael predictions
for SO, NO;, and NH* [Figure 10(c-e)]. While CBO5TU captures $@easurements at the lower observed
levels, it substantially under-predicts at highleserved concentrations. However, RACM2 improves the
comparisons with observed data by reducing the upalictions at the higher observed concentratidhe slope
of the fitted line of CBO5TU predictions and obshdata is 0.85 while the value for RACM2 is 0.®®asured
NOs from the CASTNET sites are compared to model jgtetis in Figure 10(d)RACM2 predictions generally
are similar to or better than the CBO5TU prediciiodeasured NI from the CASTNET sites are compared to
model predictions in Figure 10(63B05TU under-predicts the observed data espe@aliye higher observed
concentrations. RACM2 improves the comparisons wiikerved data by lowering the underpredictionsil&r to
the comparison with observed data from CASTNET, REGalso improves the comparison of predicted’S0
NOs, and NH' to observations from the Interagency MonitorindP&Otected Visual Environments (IMPROVE)
network and the Speciation Trends Network (STN) thpacts of RACM2 on inorganic aerosols in thedu&
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similar to those reported by Kim et al. (2011) Earope. RACM2 enhances the predicted domain-widannfv s
by 7% (Table 3) compared to CBO5TU. Kim et al. (2Ddeported an enhancement of 6% for,RbVer the Europe.

3.5.2 Impact on secondary organic aer osols

CBO5TU predicted monthly mean SOA concentratioreeed 0.2ug mi® in most of the modeling domain [Figure
11(a)]. The largest concentrations are predictatiérSoutheastern US, Northwestern US, and Cai#oRACM?2
increases SOA across the entire US compared to OBObincreases SOA by 12-20% over a large portibthe
eastern and western US and by 4-12% in other f#fegasre 11(b)]. Higher predicted oxidant levels (l4@d Q) in
RACM2 result in higher production of semivolatilganic compounds from oxidation of volatile organic
compounds and consequently higher SOA from botbesiec and anthropogenic precursors. It also ineet® in-
cloud SOA though the overall contribution of imatl SOA to total SOA is generally small. Impact&@CM2 on
SOA are different than those reported by Kim e{2011) over Europe due to the differences in tBéd $hemistry
between the two models. The difference in anthrepagSOA response over Europe and US lies primarily
differences in the SOA and gas-phase chemical nmégrna used in the two studies. In our study, RAG#&&RIs to
higher anthropogenic and biogenic SOA concentratiure to higher oxidant levels. In the Europearnukition,
higher anthropogenic SOA is predicted with CBO5spite of lower HO predictions, due to higher prsou levels.
The European study specifically highlighted thehleigcresol concentrations predicted with CBO5 aspor
contributor to increased anthropogenic SOA over RIRGKim et al, 2011). Not only is cresol not inckaias an
explicit precursor in CMAQ’s SOA module (any SOAtmed from cresol is assumed to be accounted fthrein
toluene SOA parameterization), but CBO5TU is kndwviead to significantly lower cresol concentradhan
CBO05. Kim et al. (2011) indicated that the discrepain aromatic SOA formation between CB05 and RACM
would be significantly reduced with CBO5TU, the manism used here. Predicted monthly mean Secondary
Organic Carbon (O&) obtained with the two mechanisms are comparestinates inferred from observed data at
IMPROVE sites (Figure 11(c)). Mean observedsQ€oncentrations are derived using the procedurssritbed by
Yu et al. (2004) which uses (OC/E)atio, observed EC and OC to calculate; Q@ he model with CBO5TU
under-predicts observed data by O.2fm® while the model with RACM2 under-predicts obser@@...by 0.19
pg/m®. Thus, RACM2 improves the model comparison witseried SOA.

4. Impact on air pollution control strategy

Air pollution control strategies are developed leyfprming model simulations with normal and redueedssions
and determining relative responses of the modé&tehative Reduction Factor (RRF) is a commonly ys@émeter
which is estimated by dividing the predicted cornaions with reduced emissions to those obtainit mormal

emissions (Jones et al., 2005).
4.1. Impact on O3 control strategy

Two additional model simulations were performeddadrO-day period in September with a 25%,N@ission

reduction with each mechanism. RRFs are estimategaich mechanism by dividing the predicted avetage
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obtained with reduced emissions to those obtairi#dermal emissions. Estimated RRFs with CBO5T® ar
presented in Figure 12(a). An RRF of less tharslighests that predicted @ecreases with reduced Némissions
while an RRF of more than 1.0 suggests that predi€ increases with reduced N@missions. Predictions o0
generally increase with reduced Némissions in urban areas. Differences in the Ritfiseen RACM2 and
CBO5TU are presented in Figure 12(b). Small negatalues are found in northwest US and isolatedsairethe
Midwest while small positive values are found ie gouthern US. Both mechanisms exhibit similar
representativeness irg@ perturbations in NOemissions. Thus, any control strategies develegety the two

mechanisms for improving {are not expected to be substantially different.

4.2. Impact on PM,5 control strategy

Two other model simulations were performed for1Beday period with a 25% S@missions reduction: one with
CBO5TU and the other with RACM2. RRFs were estimidte each mechanism by dividing the predicted ager
PM, 5 obtained with reduced emissions to those obtaividdnormal emissions. Estimated RRFs with CBO5Te a
presented in Figure 13(a). RRF values are clodedtdor many areas which suggest that,Rdbes not decrease in
these areas with a 25% Sé€missions reduction. The lowest RRF values owelahd are found in the southeastern
US and Mexico which suggests this region benefiisenfrom the S@reduction than other areas. The,SO
emissions reduction also shows appreciable banefie Midwest and surrounding areas. Differencethé RRFs
between RACM2 and CBO5TU are presented in Figu(b)1®mall negative values are obtained for maegar
which suggest the use of RACM2 produces margirgiiyater PM s reduction with a 25% S{@missions control.

Thus, the impacts of the two mechanisms on RRFS@remissions perturbation are also small.

Similar RRFs for PM5 were estimated for each mechanism for simulatiovslving 25% reduction in NQ
emissions (Figure 13(c)). The lowest RRFs are fanritde Midwest and surrounding areas which suggbss
region benefits more from the N©ontrol than other areas. RRF values are clogeltéor many areas which
suggest PMs does not decrease in these areas with 25%éxissions reduction. Differences in the RRFs betwe
RACM2 and CBO5TU are presented in Figure 13(d). IBnegyative values are found in the Midwest anceotireas
while positive values are found in isolated arddmus, the impacts of the two mechanisms on RRFiI@r
emissions control are small. Thus, both mechanesthgit similar RRFs for PMsin response to SGand NQ

emissions perturbations.

5. Summary and conclusions

We have implemented RACM2 into the CMAQ modelingteyn and performed month long simulations to
benchmark its impacts on model predictions relatvithe CBO5TU mechanism as well as observed téatdel
predictions of many chemical species obtained thightwo mechanisms differ by relatively large masgi

Predicted HO, TNg and OPE obtained with RACM2 are greater thandluigained with CBO5TU while predicted
H,0,, MEPX, PACD, PAN, NTR, and NConcentrations obtained with RACM2 are lower th@sse obtained

with CBO5TU. A comparison of model predictions witie available observed data suggests that predscti
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obtained with RACM2 for many species agree betién the observed data. However, it deterioratesrbdel
performance for @at lower observed values. At low observedé&els, CBO5TU tends to over-predict &anhd
RACM2 further over-predicts in such conditions. GBQ under-predicts §at the higher end of observed values
while RACM2 improves the predictions for such cdiugis. OPE inferred from RACM2 agree better with th
observed data than those from CBO5TU. Predictednsizry inorganic and organic aerosols obtained RAICM2
are greater compared to those obtained with CBO&Midh leads to improved agreements with the obskedata.
RACM2 and CBO5TU predict similar{and PM s concentrations, thus any air pollution controasgies are not

expected to be noticeably different either.
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Figures

Figure 1: (a) Predicted mean HO obtained with CBO5TU (breet differences in mean HO between RACM2 and CRDE])
a comparison of predicted median HO to observedaneathta from the 2006 Texas Air Quality Study.

Figure 2: (a) Predicted mean, B, obtained with CBO5TU (b) percent differences iramét0, between RACM2 and CB0O5TU
(c) predicted mean PACD with CBO5TU (d) percenfadédnces in mean PACD between RACM2 and CBO5Tpr@dicted
mean MEPX obtained with CBO5TU (f) percent differes in mean MEPX between RACM2 and CBO5TU.

Figure 3: (a) Predicted mean TN®btained with CBO5TU (b) percent differences iram&@NQ; between RACM2 and
CBO5TU (c) a comparison of predicted H)\tO measurements from the 2006 Texas Air Qualitgd$p(d) predicted mean PAN
obtained with CBO5TU (e) percent differences in mBAN between RACM2 and CB05TU (f) a comparisoprefdicted PAN
to observed data from the 2006 Texas Air Qualityd$t(g) predicted mean NTR obtained with CBO5TUg#&jcent differences
in mean NTR between RACM2 and CBO5TU.

Figure 4: (a) Predicted mean N@btained with CBO5TU (b) percent differences iream®& O, between RACM2 and CB0O5TU
(c) a comparison of predicted N@ measurements from the South Eastern AefResearch an@haracterization.

Figure5: (a) Predicted mean surfacg @btained with CBO5TU (b) percent differences iram&; between RACM2 and
CBO5TU (c) a comparison of predicted mean 8-htdobservations from the Air Quality System.

Figure 6: A comparison of diurnal variation of predicted Hgwsurface Q obtained with CBO5TU and RACM2 and
observations from Air Quality System sites.

Figure 7: A comparison of predicted daily maximum 8-hy With observations from the Air Quality System (wH&hr G > 75
ppbv). Error bars represent minimum and maximurnesl

Figure 8: Predicted vertical @profile obtained with CBO5TU and RACM2 at 18UTC $aptember 13.

Figure 9: A comparison of ozone production efficiency witlies derived from observations from the Southeagterosol
Research an@haracterization network sites (a) Yorkville, Gearb) Centreville, Alabama (c) Oak Grove, Misqisi

Figure 10: (a) Predicted mean sulfate obtained with CBO5T)péycent differences in mean sulfate between RAGK2
CBO5TU (c) a comparison of predicted sulfate to sneaments from the CASTNET sites (d) a comparig@rexdicted nitrate to
measurements from the CASTNET sites (e) a compan$predicted ammonium to measurements from thE T¥ET sites.

Figure 11: (a) Predicted mean Secondary Organic Aerosols@BBA5TU (b) percent differences in mean Secondagafic
Aerosols between RACM2 and CBO5TU (c) a comparisopredicted mean Secondary Organic Carbon withesaterived
from the Interagencionitoring of Protected Visual Environments network

Figure 12: (a) Relative Reduction Factors for ozone obtainggd CBO5TU due to 25% Ngcontrol (b) differences in Relative
Reduction for ozone between RACM2 and CBO5TU dugsés NQ, control.

Figure 13: (a) Relative Reduction Factors for RMbtained with CBO5TU due to 25% $€bntrol (b) differences in Relative
Reduction Factors for PM between RACM2 and CBO5TU due to 25%.,30ntrol (c) Relative Reduction Factors for PM
obtained with CBO5TU due to 25% N©ontrol (d) differences in Relative Reduction Eastfor PM s between RACM2 and
CBO5TU due to 25% NgEcontrol.
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Figure 1: (a) Predicted mean HO obtained with CBO5TU (breet differences in mean HO between RACM2 and CRDE])
a comparison of predicted median HO to observedanathta from the 2006 Texas Air Quality Study.
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Figure 2: (a) Predicted mean,B, obtained with CBO5TU (b) percent differences iramét0, between RACM2 and CB0O5TU
(c) predicted mean PACD with CBO5TU (d) percentadénces in mean PACD between RACM2 and CBO5Tpr@dicted
mean MEPX obtained with CBO5TU (f) percent differes in mean MEPX between RACM2 and CBO5TU.

(a) CBO5TU predicted H202 (b) 100 x (RACM2 - CBO5TU)/CBOSTU
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Figure 3: (a) Predicted mean TN®@btained with CBO5TU (b) percent differences iram&@NG; between RACM2 and
CBO5TU (c) a comparison of predicted HMNO aircraft based measurements from the 2006 Taxa3uality Study (September
13) (d) predicted mean PAN obtained with CBO5TUpefcent differences in mean PAN between RACM2@BA5TU (f) a
comparison of predicted PAN to aircraft based mesamants from the 2006 Texas Air Quality Study (8eyter 13) (g)
predicted mean NTR obtained with CBO5TU (h) peraifiérences in mean NTR between RACM2 and CBO5TU.
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Figure 4: (a) Predicted mean N@btained with CBO5TU (b) percent differences iream®&Q, between RACM2 and CBO5TU
(c) a comparison of predicted N®@ measurements from the Yorkville site of the tBdtastern AerosdResearch and
Characterization
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Figure5: (a) Predicted mean surfacg @btained with CBO5TU (b) percent differences iram&; between RACM2 and
CBO5TU (c) a comparison of predicted mean 8-htdbbservations from the Air Quality System.

(a) CBOSTU predicted 03 (b) 100 x (RACM2 - CBO5TU)/CBO5TU —
W 0 T | — rACM2
P < 160 g ® 1
140 S e c
120 8 . T
1 — -
100 E o] ’ ’
® E
80 5 =] ‘ 1
6.0 B m: l 1 )
40 £ 1
20 20T 7T 7 T T T T T T T T
0.0 20 30 40 50 60 70
- Observed Maximum 8—h Ozone (ppb)

-25-




Figure 6: A comparison of diurnal variation of predicted Hgwsurface Q obtained with CBO5TU and RACM2 and
observations from Air Quality System sites.
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Figure 7: A comparison of predicted daily maximum 8-hy With observations from the Air Quality System (wihr G > 75
ppbv). Error bars represent minimum and maximurmesl
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Figure 8: Predicted vertical @profile obtained with CBO5TU and RACM2 at 18 UT@ Sept 13
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Figure 9: A comparison of ozone production efficiency witlwes derived from observations from the Southeagterosol
Research an@haracterization network sites (a) Yorkville, Gear¢p) Centreville, Alabama (c) Oak Grove, Misqigsi
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Figure 10: (a) Predicted mean sulfate obtained with CBO5T)péycent differences in mean sulfate between RAGK2
CBO5TU (c) a comparison of predicted sulfate to sneaments from the CASTNET sites (d) a comparidqredicted nitrate to
measurements from the CASTNET sites (e) a companépredicted ammonium to measurements from th8 TMET sites.
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Figure 11: (a) Predicted mean Secondary Organic Aerosols@BA5TU (b) percent differences in mean Secondagafic
Aerosols between RACM2 and CBO5TU (c) a comparidopredicted mean Secondary Organic Carbon withesaterived
from the measurements from the InterageMoyitoring of Protected Visual Environments network
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Figure12: (a) Relative Reduction Factors for ozone obtaingd CBO5TU due to 25% NgQcontrol (b) differences in Relative
Reduction Factors for ozone between RACM2 and CRD8iie to 25% NQcontrol.

(a) CBOSTU predicted RRF with 25% NOx control (b) RACM2 RRF - CBOS5 RRF
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Figure 13: (a) Relative Reduction Factors for RMbtained with CBO5TU due to 25% S€bntrol (b) differences in Relative
Reduction Factors for PM between RACM2 and CBO5TU due to 25%,30ntrol (c) Relative Reduction Factors for PM
obtained with CBO5TU due to 25% N©ontrol (d) differences in Relative Reduction Bastfor PM s between RACM2 and
CBO5TU due to 25% NgQcontrol.
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Table 1: Model chemical species in CBO5TWarwood et al., 2005; Whitten et al., 2010).
Species Species
Name Description Name Description
NO Nitric oxide MEO2 Methylperoxy radical
NO2 Nitrogen dioxide MEOH Methanol
03 QOzone MEPX Methylhydroperoxide
O Oxygen atom (triplet) FACD Formic acid
01D Oxygen atom (singlet) ETHA Ethane
OH Hydroxyl radical ROOH Higher organic peroxide
HO2 Hydroperoxy radical AACD Higher carboxylic acid
H202 Hydrogen peroxide PACD Higher peroxycarboxylic acid
NO3 Nitrate radical PAR Paraffin carbon bond
N205 Dinitrogen pentoxide ROR Secondary alkoxy radical
HONO Nitrous acid ETH Ethene
HNO3 Nitric acid OLE Terminal olefin carbon bond
PNA Peroxynitric acid IOLE Internal olefin carbon bond
CO Carbon monoxide ISOP Isoprene
FORM Formaldehyde ISPD Isoprene product
ALD2 Acetaldehyde TERP Terpene
C203 Acetylperoxy radical TOL Toluene & other monoalkyl aromatics
PAN Peroxyacetyl nitrate XYL Xylene and other polyalkyl aromatics
ALDX Higher aldehyde CRES Cresol and higher MW weight phenols
CXO3 Higher acylperoxy radical TO2 Toluene-hydrosadlical adduct
PANX Higher peroxyacyl nitrate OPEN Aromatic ringening product
X02 NO to NO2 conversion (from RO2) CRO Methylpbepradical
XO2N NO to RNO3 conversion (from RO2 ) MGLY Methiylgxal and related products
NTR Organic nitrate (RNO3) SO2 Sulfur dioxide
ETOH Ethanol SULF Sulfuric acid (gaseous)
CAT1 Methyl-catechol HCO3 Adduct formed from FORM and HO2
CRON Nitro-cresol CRN2 Peroxy radical from nitro-cresol
CRNO Alkoxy radical from nitro-cresol CRPX Nitroesgol from hydroperoxide
CAOQ2 Peroxy radical from CAT1 OPAN PAN from OPO3
OPO3 Peroxy radical from OPEN

"N, (nitrogen), H (hydrogen), HO (water vapor), M (air), eoxygen), CH (methane) are not listed. Prescribed constanterarations are used

in CMAQ for these species excepf®which are used from meteorological files.
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Table 2: Model chemical species in RACM@oliff et al., 2013).

Species Species
Name Description Name Description
CO Carbon monoxide ISOP Peroxy radicals formed from ISO+HO
NO Nitric oxide KET Ketones
NO2 Nitrogen dioxide KETP Peroxy radicals formed from KET
03 Ozone LIM d-limonene and other cyclic diene-terpenes
o3P Ground state oxygen atom LIMP Peroxy radialwed from LIM
01D Excited state oxygen atom MACH Peroxy radifminied from MACR+HO
HO Hydroxyl radical MACR | Methacrolein
HO2 Hydroperoxy radical MAHP | Hydroperoxides from MACP+HO2
H202 Hydrogen peroxide MCP Methyl peroxy radical from MACR+HO which doestfiorm MPAN
NO3 Nitrate radical MCT Methyl catechol
N205 Dinitrogen pentoxide MCTO | Alkoxy radical formed from MCT+HO and MCT+NO3
HONO | Nitrous acid MCTP Radical formed from MCT+O3 reaction
HNO3 Nitric acid MEK Methyl ethyl ketone
HNO4 Peroxynitric acid MEKP Peroxy radicals formed from MEK
S02 Sulfur dioxide MGLY | Methylglyoxal and other alpha-carbonyl aldelgd
SULF Sulfuric acid MO2 Methyl peroxy radical
ACD Acetaldehyde MOH Methanol
Acetylene MPAN Peroxymethacryloylnitrate and other highergsgacylnitrates from
ACE isoprene oxidation
ACO3 Acetyl peroxy radicals MVK Methyl vinyl ketone
ACT Acetone MVKP Peroxy radicals formed from MVK
ACTP Peroxy radicals formed from ACT NALD Nitrooxgetaldehyde
ADCN | Aromatic-NO3 adduct from PHEN OLI Internal atkes
ADDC | Aromatic-HO adduct from CSL OLIP Peroxy radgcéormed from OLI
ALD C3 and higher aldehydes OLND| NO3-alkene addeatting via decomposition
API| Alpha-pinenes & other cyclic terpenes with alweible bond OLNN NO3-alkene adduct reacting to foerbonitrates + HO2
APIP Peroxy radicals formed from API OLT Terminidenes
BALD Benzaldehyde and other aromatic aldehydes OLT|PPeroxy radicals formed from OLT
BALP Peroxy radicals formed from BALD ONIT Orgamiitrate
BAL1 Peroxy radicals formed from BALD OP1 Methyldrpgen peroxide
BAL2 Peroxy radicals formed from BALD oP2 Higheganic peroxides
BEN Benzene ORAl Formic acid
BENP Peroxy radicals formed from BEN ORA2 Acetitdaand higher acids
CHO Phenoxy radical formed from CSL ORAH Peroxyaaldormed from ORA2 + HO reaction
CSL Cresol and other hydroxy substituted aromatics PAA Peroxyacetic acids and higher analogs
DCB1 Unsaturated dicarbonyls PAN Peroxyacetyl tetend higher saturated PANs
DCB2 Unsaturated dicarbonyls PER1 Peroxy internted@amed from TOL
DCB3 Unsaturated dicarbonyls PER2 Peroxy intermied@med from TOL
DIEN Butadiene and other anthropogenic dienes PHENPhenol
EOH Ethanol PHO Phenoxy radical formed from phenol
EPX Epoxide formed in TOL, XYL and XYO reactions PP Peroxypropionyl nitrate
ETE Ethene RCO3 Higher saturated acyl peroxy radicals
ETEG Ethylene glycol ROH C3 and higher alcohols
ETEP Peroxy radicals formed from ETE TLP1 Peroxdicals formed from TOL
ETH Ethane TOL Toluene and less reactive aromatics
ETHP Peroxy radicals formed from ETH TOLP Peroxgicals formed from TOL
GLY Glyoxal TR2 Peroxy radicals formed from TOL
HC3 Alkanes, alcohols, esters and alkynes with Bi® constant | UALD Unsaturated aldehydes
(298 K, 1 atm) less than 3.4x3cm3 s-1
HC3P Peroxy radicals formed from HC3 UALP Peroxgicals formed from UALD
HC5 Alkanes, alcohols, esters and alkynes with Bi® constant | XO2 Accounts for addition NO to NO2 conversions
(298 K, 1 atm) between 3.4x1band 6.8x1062 cn? s?
HC5P Peroxy radicals formed from HC5 XY2 Peroxyicats formed from XYL
HC8 Alkanes, alcohols, esters and alkynes with B® constant | XYO o-xylene
(298 K, 1 atm) greater than 6.8Xf@nt s*
HC8P Peroxy radicals formed from HC8 XYM m-xylene
HCHO | Formaldehyde XYP p-xylene
HKET Hydroxy ketone XYL1 Peroxy radicals formed from XYL
ISHP Beta-hydroxy hydroperoxides from ISOP+HO2 XYLR Peroxy radicals formed from XYL
ISO Isoprene XYO2 Peroxy radicals formed from XYO
ISON Beta-hydroxyalkylnitrates from ISOP+NO alkyhates from | XYOP Peroxy radicals formed from XYO

ISO+NO3

"N, (nitrogen), H (hydrogen), HO (water vapor), M (air), oxygen), CH (methane) are not listed. Prescribed constanterurations are used in CMAQ for these species éxdgd which
are used from meteorological files. €@sed in the original mechanism is not used in CMAQ
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Table 3: A summary of the comparison of CBO5TU RAICM?2 predicted domain-wide monthly mean values.

Species Unit| CBO5TU RACM2 Percent difference
100 x (RACM2 - CB0O5TU) / CBO5TU
Hydroxyl radical (HO) pptv 0.05 0.07 +46
Hydrogen peroxide (yD,) pptv 837 822 -2
Peroxyacetic acid (PACD) pptv 400 26 -94
Methylhydroperoxide (MEPX) pptv 492 398 -19
Total nitrate (TNQ) pptv 441 538 +22
Nitric acid (HNO) pptv 289 364 +26
Peroxyacetyl nitrate (PAN) ppty 232 141 -40
Organic nitrate (NTR) pptv 378 222 -41
Secondary nitrogen (NO pptv 1305 1067 -18
Oxides of nitrogen (NQ pptv 1535 1570 +2
Ozone (Q) ppbv 36.6 38.8 +6
Sulfate (S@) pg/m’ 1.47 1.61 +10
Nitrate (NQ)) pg/m’ 0.15 0.16 +6
Ammonium (NH") pg/m’ 0.37 0.41 +10
Anthropogenic SOA pg/m’® 0.07 0.10 +42
Biogenic SOA pg/m’® 0.40 0.42 +5
In-cloud SOA pg/m’ 0.01 0.011 +11
Fine particles (PMy) pg/m’ 4.6 4.9 +7
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