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Abstract. The Weather Research and Forecasting modebkignificantly improved compared to prior studies by adding
coupled with chemistry (WRF-Chem) is modified to in- 15% oxygen mass per generation of oxidation; however,
clude a volatility basis set (VBS) treatment of secondaryall modeling cases still under-predict these ratios downwind
organic aerosol formation. The VBS approach, coupledas compared to measurements, suggesting a need to further
with SAPRC-99 gas-phase chemistry mechanism, is used@nprove chemistry parameterizations of secondary organic
to model gas-particle partitioning and multiple generationsaerosol formation.

of gas-phase oxidation of organic vapors. In addition to
the detailed 9-species VBS, a simplified mechanism using

2 volatility species (2-species VBS) is developed and tested

for similarity to the 9-species VBS in terms of both mass 1 Introduction

and oxygen-to-carbon ratios of organic aerosols in the atmo-

sphere. WRF-Chem results are evaluated against field me#&rganic aerosol (OA) comprises a large fraction (20 to 90 %)
surements of organic aerosols collected during the MILA-of submicron particulate matter in the atmosphere affecting
GRO 2006 campaign in the vicinity of Mexico City. The sim- radiative climate forcing and human health (Murphy et al.,
plified 2-species mechanism reduces the computational co2006; Zhang et al., 2007). Accurate representation of OA in
by a factor of 2 as compared to 9-species VBS. Both groundnodels requires a good understanding of processes leading to
site and aircraft measurements suggest that the 9-specidermation and removal of OA in the atmosphere. OA is com-
and 2-species VBS predictions of total organic aerosol masposed of directly emitted primary organic aerosols (POA)
as well as individual organic aerosol components includ-and photochemically produced secondary organic aerosols
ing primary, secondary, and biomass burning are comparatSOA). POA is emitted from a variety of sources such as fos-
ble in magnitude. In addition, oxygen-to-carbon ratio pre- sil fuel and biomass burning.

dictions from both approaches agree within 25 %, providing POA has traditionally been considered as non-volatile and
evidence that the 2-species VBS is well suited to representon-reactive in air quality models. However, recently Robin-
the complex evolution of organic aerosols. Model sensitivity son et al. (2007) showed that instead of a static fixed non-
to amount of anthropogenic semi-volatile and intermediatevolatile mass, POA is a dynamic system formed due to gas-
volatility (S/IVOC) precursor emissions is also examined by particle mass transfer of a multi-component mixture of semi-
doubling the default emissions. Both the emission cases sigvolatile organic species evolving as a function of atmospheric
nificantly under-predict primary organic aerosols in the city variables such as dilution, temperature, and pre-existing OA
center and along aircraft flight transects. Secondary organias predicted by absorptive partitioning theory (Shrivastava
aerosols are predicted reasonably well along flight tracks suret al., 2006). Thus, the conceptual model of Robinson et
rounding the city, but are consistently over-predicted down-al. (2007) emits organic precursors which are lumped into
wind of the city. Also, oxygen-to-carbon ratio predictions are nine surrogate volatility species separated by factor of 10 at
298 K (volatility basis set or VBS) classified as: (1) Semi-
volatile organic compounds (SVOC) with effective satura-
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ranging 10 to 1PpugnT3. A substantial portion of SVOC regional observations, and that a large SOA over-prediction
mass will partition to POA in the atmosphere, while in the is observed when SI-SOA is also implemented.
absence of photochemistry, the IVOC species remain as or- In addition to mass, aerosol hygroscopicity is an important
ganic vapors under most atmospheric conditions. This multiparameter affecting direct and indirect radiative forcing of
component mixture of SVOC and IVOC (S/IVOC) species climate. The hygroscopicity parameiewas recently shown
is assumed to undergo gas-phase photochemical oxidatioto be directly related to elemental oxygen to carbon molar ra-
by OH radicals resulting in formation of successively lower tios of OA (O:C ratio) for ambient aerosols in urban, remote
volatility species, which may condense to form SOA (Robin- and forest locations (Jimenez et al., 2009). Most of the large-
son et al., 2007; Shrivastava et al., 2006). scale chemical transport models are not designed to represent
SOA formation also occurs through gas-phase oxidationthe O:C ratio of OA due to complexity of processes involved.
of volatile organic compounds (VOCs with* greater than  Prediction of O:C ratios also requires separate tracers for car-
10’ug n3) such as biogenic VOCs (e.g., terpenes and iso-bon and oxygen species for both freshly emitted and oxidized
prene) and traditional anthropogenic VOCs (e.g., aromaticorganic species in the atmosphere, with each class of organ-
and higher MW alkanes and olefins) (Tsimpidi et al., 2010).ics (such as fresh, oxidized) being represented by a separate
However, SOA formation through oxidation of S/IVOC pre- VBS of 8 or 9 volatility intervals (Hodzic et al., 2010; Shri-
cursors is thought to be more efficient as compared to VOCvastava et al., 2008). In chemical transport models, advec-
precursors, as S/IVOC species have lower volatility favoringtion of this large set of organic species requires more com-
partitioning to the particle phase after oxidation (Donahue etputational time than chemistry and gas-particle partitioning
al., 2006). SOA formed due to photochemical oxidation of combined. Models running online meteorology, such as the
S/IVOC precursors is named “SI-SOA’, while oxidation of Weather Research and Forecasting Model coupled to chem-
biogenic/traditional anthropogenic VOCs forms “V-SOA”.  istry (WRF-Chem) (Grell et al., 2005), are especially sus-
Aerosol Mass Spectrometer (AMS) measurements anceptible to this large computational burden as compared to
subsequent analysis with Positive Matrix Factorization offline representations of meteorology in chemical-transport
(PMF) classify total OA as hydrocarbon-like OA (HOA rep- models, such as CHIMERE (Hodzic et al., 2009) and CMAQ
resenting fresh primary OA), and oxygenated OA (OOA rep-(Carlton et al., 2010), because the advection time step is sim-
resenting OA formed after chemical oxidation in the atmo- ilar for meteorology and chemistry. An important advantage
sphere) (Ulbrich et al., 2009). HOA and OOA have beenof online models is that they permit aerosol-radiation-cloud-
shown to be good surrogates of urban POA and total SOAchemistry interaction processes and the associated feedback
respectively in the atmosphere (Zhang et al., 2007). Recengffects on meteorology to be simulated, whereas offline mod-
results show that SOA accounts for a large fraction of OAels cannot study these processes.
burden throughout the atmosphere with its fraction of total The objectives of this work are to: (1) implement a
OA increasing from urban to remote continental locationsdetailed OA mechanism in WRF-Chem based on a 9-
(Zhang et al., 2007). Previous “bottom up” chemical trans-species VBS that includes SOA formation from S/IVOC
port models based on parameterizations derived from laboprecursors (Robinson et al.,, 2007) and traditional anthro-
ratory experiments severely under-predicted the magnitud@ogenic/biogenic VOCs; (2) modify the ROB mechanism in
and evolution of SOA in polluted regions (de Gouw et al., terms of oxygen added per generation of oxidation and test
2005; Goldstein and Galbally, 2007; Hallquist et al., 2009; predictions of O:C ratios; (3) develop a highly condensed
Heald et al., 2005; Volkamer et al., 2006), while predictions 2-species SOA mechanism and evaluate it in terms of perfor-
in unpolluted biogenically-dominated regions do not show amance and computational speed compared to the more de-
similar under-prediction (Slowik et al., 2010; Tunved et al., tailed VBS mechanism; and (4) evaluate the OA mechanisms
2006). Recent modeling efforts have significantly increasedusing field measurements of organic aerosols collected dur-
the amount of SOA modeled in polluted regions, bringing ing the 2006 MILAGRO field campaign in the vicinity of
model predictions closer to measurements (Dzepina et allMexico City.
2009; Hodzic et al., 2010). Using a box model and data from We will show that it is possible to successfully develop
the MCMA-2003 campaign, Dzepina et al. (2009) combinedhighly condensed OA mechanisms that give very similar re-
different modeling approaches to close the gap betweersults to the detailed VBS mechanisms and are more suitable
model and measurements for SOA. Dzepina et al. (2009¥or real-time forecasting and climate model applications. It
found that SI-SOA accounted for about half of the observedis also extremely important to test simplified organic aerosol
SOA mass. However, large uncertainties remain in termsmechanisms using a model configuration that can resolve
of various model parameters and other SOA formation path-much of the temporal and spatial variations of observed or-
ways and yields. Recently some models have been proposeghnic aerosols, before these mechanisms are routinely used
which “age” semi-volatiles formed in V-SOA mechanisms by in global models with coarse spatial resolution that are diffi-
gas-phase reaction, as in e.g. Tsimpidi et al. (2010). Dzepinault to evaluate using point measurements. The terminology
et al. (2011) recently reported that the Tsimpidi et al. (2010)used for various classes of organic species used in this study
A-V-SOA mechanism produces enough SOA to match theis described in Table 1 for reference.
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Table 1. Terminology used for various classes of organic species in this study.

Gas phase organic compounds

SVOC

IVOC

S/IVOC
VOC

Semi-Volatile Organic Compounds: primary organic vapors which have suf-
ficiently low vapor pressure to dynamically partition between the gas and the
aerosol phases (Robinson et al., 2007) i.e.48 C* <103ugm 3 at 298K

and 1atm

Intermediate Volatility Organic Compounds: primary organic vapors with
volatility higher than SVOC but lower than traditional VOCs i.e.410

C* <10Pug 3 at 298 K and 1 atm (Robinson et al., 2007)

SVOC +1vVOC

Volatile Organic Compounds: gas-phase organic species with volatility higher
than S/IVOC i.e.C* >10’ug m 3 at 298K and 1atm (e.g. toluene, isoprene,
terpenes).

Condensed phase organics

OA

POA

SOA

V-SOA

A-V-SOA

B-V-SOA

SI-SOA

A-SI-SOA

BB-SI-SOA

Organic Aerosol: includes both primary and secondary mass components
(POA + SOA defined below).

Primary Organic Aerosol: defined as organic aerosol either directly emitted or
formed due to condensation of organic vapors before photochemical oxidation
in the atmosphere.

Secondary Organic Aerosol: defined as organic aerosol formed after photo-
chemical oxidation and condensation of organic vapors (V-SOA + SI-SOA) in
the atmosphere

Component of SOA formed due to photochemical oxidation of all VOC
precursors (A-V-SOA + B-V-SOA described below)

Component of SOA formed due to photochemical oxidation of traditional an-
thropogenic VOC precursors (e.g. ARO1, ARO2, ALKA4 etc.)

Component of SOA formed due to photochemical oxidation of biogenic VOC
precursors (e.g. isoprene, monoterpenes, sesquiterpenes)

Component of SOA formed due to photochemical oxidation of all S/IVOC pre-
cursors (A-SI-SOA + BB-SI-SOA)

Component of SOA formed due to photochemical oxidation of anthropogenic
S/IVOC precursors (e.g. traffic emissions, municipal trash burning)
Component of SOA formed due to photochemical oxidation of biomass burning
S/IVOC precursors

Aerosol mass spectrometer terminology

HOA <+ POA

OOA <~ SOA

BBOA

Hydrocarbon-like Organic Aerosols: an OA component identified with PMF
which is consistent with mass spectral signatures of reduced species such as
those from motor vehicle emissions. It is generally understood as a

surrogate for urban combustion-related POA (Ulbrich et al., 2009).
Oxygenated Organic Aerosols: an OA component identified with PMF which
is characterized by its high oxygen content. It is generally understood as a
surrogate for SOA from all sources.

Biomass Burning Organic Aerosols: an OA component identified with PMF
which is characterized by spectral features typical of biomass smoke. It is
thought to be dominated by biomass burning POA, while biomass burning SOA
is mostly apportioned into the OOA component.

2 Model description

simultaneously with meteorology (Grell et al., 2005). WRF-
Chem includes several options for gas-phase chemistry and
aerosols. In this study, gas-phase chemistry is represented by

Version 3.1.1 of the WRF-Chem community model is used toy, e sApRC-99 mechanism (Carter, 2000a,b), and the aerosol

simulate the atmospheric conditions between 6 and 3Q Marc'ﬂfecycle processes are represented by the MOSAIC aerosol
2006 over Mexico. Trace gases and aerosols are simulated
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module (Zaveri et al., 2008). Aerosol species in MOSAIC each generation of oxidation (Robinson et al., 2007), gas-
includes sulfate, nitrate, ammonium, sodium, chloride, cal-particle partitioning varying with ambient factors such as
cium, carbonate, other inorganics (i.e. dust), methanesultemperature, dilution and OA concentrations, and removal
fonate, elemental carbon, organic matter, and aerosol waterates of OA and gas-phase semi-volatiles due to dry and
however, until now organic matter has been treated as nonwet deposition. An OM/OC (organic mass to organic car-
volatile POA. Additional details of the WRF-Chem model as bon ratio) of 1.57 and 1.25 for biomass burning and an-
applied in this study have been described previously (Fast ethropogenic emissions respectively is assumed, converting
al., 2009). Here, only processes and modifications to WRF-OM emission rates to OC. Elemental O:C ratios of 0.3 and
Chem relevant to simulating organic aerosol components ar@.06 are assumed for fresh biomass burning and anthro-
described in detail. The 9-species VBS mechanism for orpogenic emissions for calculating the oxygen fraction of
ganic aerosols implemented in WRF-Chem is described firsteach species. In addition, non-oxygen (carbon, hydrogen
followed by a discussion of the assumptions needed to deand nitrogen) to carbon ratio of 1.17 was assumed for all

velop a condensed 2-species mechanism. species. These assumptions are consistent with PMF anal-
_ _ _ ysis of ambient AMS data by Aiken et al. (2008) in Mex-
2.1 Detailed 9-species VBS mechanism for OA ico City. The sum of oxygen and non-oxygen parts for each

. . - species equals total OM input to WRF-Chem, thus all OM
The 9-species VBS mechanism for POA and non-traditionaly, 5«5 is accounted for in the gas-particle partitioning calcu-

SOA implemented in WRF-Chem is similar to that described ations. The gas-phase POA species react with OH to pro-
by Robinson et al. (2007) and Shrivastava et al. (2008), withy,,ce more-oxygenated and lower-volatility SI-SOA species,
modifications for global non-volatile fraction and amount of ;¢ qescribed in Sect. 2.1.2.2. These SI-SOA species are
oxygen added per generation of oxidation as described 'ateFepresented in the mechanism by SI-SOA(a} ., and SI-
Previous studies have already implemented versions of thi%OA(g) ox, for i = 1,8 representing 8 oxidized volatility
mechanism using offline meteorological models (Hodzic etspecies’és described by Shrivastava et al. (2008).

al., 2010; Tsimpidi et al., 2010). In addition to the 9-species VBS mechanism for POA and

) o 1 hon-traditional SOA, we include a 4-species VBS treatment
species withC* values (at 298K and _13atm) of 16, 10", of traditional SOA (referred to as V-SOA) produced by oxi-
100, 10, 1C7, 10°, 10F, 1%, 1Pugmi . For each surmo-  gaion of biogenic and traditional anthropogenic VOCE.
gate species, we treat both the aerosol phase species ('nfélr describing V-SOA ranges from 1 to 4@y n3. We seg-
size bins for this study) and the gas phase species. Thg, 40 the \.SOA species by the parent-VOC emissions sec-

bin boundaries for the size bins are 0.0391, 0.156, 0.625, yjiogenic and traditional anthropogenic). This gives the
2.50, and 10.0 um (dry diameter). Aerosol phase species fofollowing V-SOA species:

h|f?her VOI%IXW (>;04.ug m b) could b_e nle %Ie(cj:t?d with I't'lde V-SOA(a) .., =aerosol-phase V-SOA, where is the
effect Ionf : pre |I<_:t|otr_ls, ut Werel include fohr_ c;)mp eltef[fl volatility species (1-4) is either the biogenic or traditional
ness. In future applications, acrosol Species of higher voiall ‘anthropogenic emission sector, ani the size bin (1-4).

'tFy W(l)tj.ld beTehchIl;(ée*Ad from. WRF-Chem tots:vt()a (:tomputq- V-SOA(Q);.. = corresponding gas-phase V-SOA species.
lonaj time- N SPecies are segregated Dy WO €mIS- -y o hanism does not treat further oxidation of the V-

sions sectors: biomass burning and anthropogenic (predorrgOA gas-phase species, so separate model species for oxy-

inately fossil fuel). To allow calculating O:C ratios for the d ired f leul
modeled OA, separate model species are used for the oxyge'%en and non-oxygen component are not required for calculat-
' ing O:C ratios. Instead, we assume a fixed OM:OC (mass) ra-

a_nd non-oxygen (C, H, N) Cor_np(.)nents of each species. Th'%o of 1.90 and O:C (elemental) ratio of 0.4 for V-SOA (Aiken
gives the following POA species: etal., 2008)

— POA(@) .., = aerosol-phase POA, where i is the Overal, there are 180 POA species (36 gas, 144 aerosol),
volatility species (1-9), e is either the biomass or an-160 SI-SOA species (32 gas, 128 aerosol), and 40 V-SOA
thropogenic emission sector, x is either the oxygen orSPECies (8 gas, 32 aerosol) in the mechanism. The total SOA
non-oxygen component, and n is the size bin (1—4). formed at any time within the model!ng dom_alln is the sum

of SI-SOA and V-SOA after gas-particle partitioning calcu-

— POA(Q) ..x = corresponding gas-phase POA species. lations.

Partitioning between the gas and aerosol phase speciesisca-1.1 Emissions

culated using absorptive partitioning theory assuming ther-

modynamic equilibrium approach as described by DonahueAn updated anthropogenic emissions inventory is used for

et al. (2006). MILAGRO 2006 from the work of Song et al. (2010). The
The O:C ratio of bulk particulate OA evolves as a func- anthropogenic emissions inventory includes traffic emissions

tion of emissions of fresh primary organic material, oxida- and municipal trash burning as well as emissions from a wide

tion of organic vapors with addition of oxygen mass after range of point, and area sources. Municipal trash burning
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emissions are estimated to be comparable in magnitude twith one modification. Recently, Cappa and Jimenez (2010)
traffic emissions, but most of the trash burning sources ardound that a significant fraction of POA emissions in Mex-
located outside the city. Also, municipal trash burning is ex-ico City was globally non-volatile i.e. it would remain in
pected to have similar OA spectra as fresh vehicular emisparticle phase under all ambient conditions. Using the de-
sions dominated by hydrocarbon-like OA (HOA) with also fault volatility distribution from Robinson et al. (2007) in the
some similarities with BBOA (Mohr et al., 2009). In this CHIMERE model, Hodzic et al. (2010) found that POA was
work, OA emissions from municipal trash burning and ve- too volatile downwind of Mexico City. In this work, using
hicular emissions are lumped together. BBOA represents prithe globally non-volatile fraction suggested by Cappa and
mary biomass burning OA emissions. Jimenez (2010), 9% of POA emissions from biomass burn-
Biomass burning estimates are derived from satellite reing and 22 % of POA emissions from anthropogenic sources
mote sensing data. Emissions of gases and particles frorare represented by the lowest volatility species withof
open burning were calculated using the Fire inventory from0.01 ug nt3 thus rendering this fraction to be non-volatile
NCAR version 1 fttp://bai.acd.ucar.edu/Data/fiye/ This under all relevant ambient conditions in and around Mex-
method is based on the estimation framework described byco City. It should be noted that this assumption did not
Wiedinmyer et al. (2006). Fire counts (MODIS Data Pro- change the volatility distribution for biomass burning emis-
cessing System, MODAPS) were provided by the Universitysions used by Hodzic et al. (2010). Also, the volatility distri-
of Maryland (Giglio et al., 2003; MODIS Rapid Response bution for anthropogenic carbon used in this work is similar
Project). Land cover was determined with the MODIS Land to biomass carbon, except the use of 23 % POA emissions for
Cover Type product (Friedl et al., 2010) and fuel loadings the species with th€* of 0.01 pug nT3, in comparison to 9 %
from Hoezelman et al. (2004). Emission factors were takenused by Hodzic et al. (2010) for anthropogenic carbon. The
from multiple sources (Akagi et al., 2011; Andreae and Mer- VOC emissions (organic vapors with* of 10*~1Pug n3
let, 2001). The non-methane organic compounds were specias shown in Table 1) are estimated as 1.5 times SVOC emis-
ated to the SAPRC-99 mechanism based on species-specifgons (4.5 times traditional POA emissions) for both biomass
emission factors and the ecosystem type in which the firéburning and anthropogenic emission sources consistent with
burned. Robinson et al. (2007). Thus, the sum of all SVOC and IVOC
Representation of biomass burning within models is un-precursors in the inventory is 7.5 times the mass of tradi-
certain due to errors arising from calculations of plume rise,tional POA emissions inventory. Addition of this large pool
horizontal mixing of point sources and also due to the factof S/IVOC precursors to the inventory is supported by an ob-
that several small fires may not be captured by remote sensserved gap between measured OH reactivity and calculated
ing data (Fast et al., 2009). In this work, fire emission in- OH reactivity based on known VOC precursors in Mexico
jection heights are treated the same as was described in Fagity (Dzepina et al., 2009). Table 2 shows the mass factors
et al. (2009), Sect. 3.3. Emissions from fires are distributed(f;) used to calculate S/IVOC emissions from POA emis-
uniformly within ~300 m of the ground since insufficientin- sions (converted to OC) in each category. The non-oxygen
formation (e.g. fire temperature) was available to computepart of OM is calculated as 1.17 times the carbon part, while
plume rise. Visual observations from aircraft also suggestedhe oxygen part is derived from O:C ratios, as described in
low plume rise for these fires (R. Yokelson, personal commu-Sect. 2.1.
nication, 2008). SVYOC and IVOC emissions corresponding The MEGAN (Model of Emissions of Gases and Aerosols
to both anthropogenic and biomass burning emissions are ddrom Nature, http://bai.acd.ucar.edlumodel (Guenther et
rived as follows: al., 2006) is used to generate biogenic emissions in
Total SVOC emissions (organic vapors with of 0.01-  the modeling domain within and around Mexico City.
10*ugnm3) are estimated as 3 times POA emissions forThe 138 biogenic species from MEGAN are lumped
both anthropogenic and biomass burning emissions in Mexinto 3 biogenic VOC classes: isoprene (ISOP), terpenes
ico City following Hodzic et al. (2010) and Tsimpidi et (TERP) and sesquiterpenes (SESQ). In addition, anthro-
al. (2010). As discussed by Tsimpidi et al. (2010), POA pogenic VOC emissions including lumped classes corre-
emissions in Mexico City Metropolitan Area (MCMA) were sponding to alkanes (ALK4 and ALKS5), olefins (OLE1
derived for ambient conditions and reflect remaining aerosoland OLE2), and aromatics (ARO1 and ARO2) are in-
fraction after evaporation of associated semi-volatile vaporscluded in the inventory corresponding to the SAPRC-
Since SVOC emissions were not measured in Mexico City,99 mechanism, as described by Tsimpidi et al. (2010).
the ratio of SVOC to POA (assumed to be 3 in this work) Isoprene and terpene emissions calculated by the NEI
is poorly constrained. In the future, it is recommended toemissions inventory http://mexiconei.blogspot.com/2007/
measure and include SVOC in emission inventories to bettef1/national-emissions-inventory-now.hjnfbr Mexico do-
constrain OA predictions in models. main are removed to avoid double counting of biogenic emis-
The total SVOC emissions are then distributed among dif-sions (already calculated by MEGAN model within the do-
ferent volatility species witlC* ranging 0.01-1%ug n3 us- main). This also removes the anthropogenic isoprene emis-
ing the mass fractions suggested by Robinson et al. (20073ions within the modeling domain. Hodzic et al. (2009)
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Table 2. Factors ;) used to calculate S/IVOC carbon emissions particle partitioning of SOA species is treated.as an instanta-
from POA. neous equilibrium process, while the gas-particle mass trans-

fer of inorganic species is treated as a particle size-dependent
dynamic process. Also, the organic and inorganic species are

C*ug m3  Biomass Anthropogenic A HyapkJ mol—1

at 298 K ) () not allowed to interact with each other in the particle_ phase_
. state and water uptake calculations. These assumptions will
9-species VBS be relaxed in the future as experimentally derived parame-
0.01 0.09 0.23 112 terizations of complex physicochemical interactions between
0.1 0.18 0.17 106 organic and inorganic species as well as dynamic condensa-
1 0.27 0.26 100 tion, evaporation, and reactive uptake of organic gases are
10 0.42 0.40 94 implemented in the MOSAIC aerosol module.
100 0.54 0.51 88
1000 0.90 0.86 82 5)-SOA formation
10 1.20 1.17 76
1 1.50 1.50 70 Observations suggest continued SOA production as pollu-
16 2.40 2.40 64 tants leave the Mexico City basin during low biomass burn-

ing periods (DeCarlo et al., 2008; Kleinman et al., 2008).
Thus, multi-generational SOA chemistry and/or SOA forma-
0.01 1.0 1.0 tion from longer lived precursors are consistent with ambi-
10° 6.5 6.5 ent observations. SI-SOA formation from multi-generational
gas-phase oxidation of S/IVOC precursors are calculated us-
ing oxidation parameters proposed by Robinson et al. (2007)
with one modification. The mass of parent SVOC or IVOC
showed that contributions of SOA formed due to oxidation of species is assumed to increase by 15 % for each generation
anthropogenic isoprene precursors was te@2 ug nt3 on of oxidation to account for added oxygen mass or function-
an average during March 2006 at TO site in Mexico City. As alization. This is equivalent to assuming that 2 atoms of oxy-
compared to Hodzic et al. (2009), this study predicts signif-gen are added to an equivalentsB32 precursor per gen-
icantly lower V-SOA as discussed in the Supplement. Thiseration of oxidation. In comparison, Robinson et al. (2007)
difference is chiefly due to lower yields for biogenic SOA assumed an addition of 7.5 % mass due to added oxygen. The
precursors including isoprene in this study, as compared t@xidation mechanism proposed by Robinson et al. (2007)
parameterizations used by Hodzic et al. (2009) that weravas not designed to predict the oxidation state of OA in
based on yields from Henze and Seinfield (2006) and Punhe atmosphere. Use of 7.5 % added oxygen mass has been
et al. (2006). However, V-SOA is expected to be a minor shown to severely under-predict the O:C ratios in the atmo-
contributor to total SOA in the Mexico City region (Hodzic sphere (Hodzic et al., 2010). Jimenez et al. (2009) sug-
et al., 2010). Also, neglecting anthropogenic isoprene emisgested that 1 to 3 oxygen atoms could be added per gen-
sions does not affect the main objective of this paper (inter-eration of oxidation. Grieshop et al. (2009) used 40 % in-
comparison of different OA formulations), as all the formu- crease in mass due to addition of oxygen per generation of

2-species VBS

lations use the same isoprene emissions. oxidation for wood smoke. Thus, the addition of 2 oxy-
gen atoms is a fairly conservative assumption improving O:C
2.1.2 Gas phase chemistry ratio predictions as compared to 1 oxygen atom added by

Robinson et al. (2007). An OH reaction rate constant of

All gas-phase chemistry equations leading to ozone andtx10''cn®molecule™t s~ is assumed for all SVOC and
SOA formation are included within the Kinetic Pre-ProcessorVOC species.

(KPP) in WRF-Chem (Damian et al., 2002). The SAPRC-99 The equations governing oxidation of S/IVOC precursors
mechanism includes 211 reactions of 56 gases and 18 fregle written within the KPP module of WRF-Chem as follows:
radicals. This mechanism is updated to include gas-phase

oxidation of various S/IVOC precursors forming SOA (A-SI-

SOA and BB-SI-SOA for anthropogenic and biomass burn-POAQ); . . +OH— SI-SOAQ); _1 . .

ing SI-SOA respectively), and SOA formed due to oxidation +0.15S1-SOAQ); 1.0 1)
of VOC precursors from traditional anthropogenic and bio-
genic emissions (A-V-SOA and B-V-SOA respectively). The POA(g); , , +OH— SI—-SOA(g); 4, ,+OH (2)

detailed treatment of OA and the inorganic MOSAIC aerosol

module in WRF-Chem constitute a comprehensive represen-

tation of processes leading to organic and inorganic aerosop! = SOAQ); ;. +OH— SI-SOA(Q); 4 . 1 0.15SI
formation in the atmosphere. In the present version, the gas- —SOA);_1.¢.0 (©)
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SI-SOA(9); ., + OH— SI-SOA(9),_1,,+OH (4) V-SOA(a) is represented by gas-particle partitioning of V-

. . . _ SOA(g) defined by absorptive partitioning theory as dis-
where,i denotes any given volatility species except the low- o ,ssed by Donahue et al. (2006). However, in contrast to
est volatility,i — 1 denotes the species wnﬂ_‘f equal toi/10, Tsimpidi et al. (2010), no further aging of the V-SOA(g)

e denotes the source type, and subscriptand o repre-  gpecies s implemented in WRF-Chem as including it leads
sent the non-oxygen and oxygen parts respectively of giveR |5rger regional over-prediction of SOA (Dzepina et al.,
species. As shown by equations (1) and (3), oxidation 0fon11) Aging parameterizations based on smog chamber
non-oxygen part of SI-SOA precursoroesults in formation  easurements are very uncertain as they try to predict SOA
of non-oxygen and oxygen parts (15% by mass for 2 0xy-omation over longer time-scales (photochemical ages) than
gen atoms added) of SI-SOA with successive lower volatil-g; tar have been accessible in chambers (Ng et al., 2010).
ity i —1. Since molecubjar weights of all VBS species are gmqg chamber measurements need to be carried out to much
assumed as 250 gmole mass yields are same as molar |5nger time-scales (over several days) and OH exposures to
yields, so 0.15 is used as oxygen yield per oxidation step,antify and parameterize multi-generational V-SOA forma-
within KPP. Equations (2) and (4) account for movement of i5, from both biogenic and traditional anthropogenic pre-
oxygen part of each precursor to lower volatility. Thus at . ,,sors.
any time, both non-oxygen and oxygen parts of any given |, his work, V-SOA vyields are NQ dependent as de-
species move to successively lower volatility species due Q¢ ineqd by Tsimpidi et al. (2010). Table S1 in the Supplement
oxidation, satlsfy|ng mass conser;\alatlon. The lowest volatil- jists mass yields of various V-SOA precursors represented by
ity species €* equal to 0.01pugm), was assumed 10 be o 4 product VBS species V-SOA{gMolar yields are re-
non—.reactlve, neglecting fragmentation reactions, foIIowmgquired as the SAPRC-99 mechanism lists equations and reac-
Robinson et al. (2007). In Egs. (2) and (4), OH was addedjq, rates in molecular units within the Kinetic Pre-Processor
to both sides of the equations to make sure that OH loss I3KPP) in WRF-Chem. Mass yields listed in Table S1 are
not double counted by oxidation of non-oxygen and 0xygenconyerted to molar yields by multiplying them with the ra-
parts of the same species. tio of molecular weights of V-SOA(g)species (assumed to

. be 250 gmolel) and the corresponding VOC(g)precursors
V-SOA formation taken from the CAMx User’s guide for SAPRC 1999 mech-

SOA formation from biogenic and traditional anthropogenic 21SM (CAMx vs 5.10 User's guide, 2009). The assumed
VOCs (V-SOA) is represented using fixed yields of these€Nthalpy of vaporizatiom\Hyap for the V-SOA(g) species
species using a 4-product VBS following Tsimpidi et are equal to same-volatility SI-SOA(g¥pecies shown in
al. (2010). For alkane, olefin, isoprene, terpene and'2Plel.

sesquiterpene SOA species, mass yields are similar to Tsims ) - ;

pidi et al. (2010). For aromatic species yields from Hildeinz'2 Condensed 2-species OA mechanism

brandt et al. (2009) are implemented. Aging of VOCs in the a5 discussed earlier, the addition of a large number of species

gas-phase could be represented by the following equation: yepresents a huge computational burden in terms of advection

n alone. Development of a condensed 2-species mechanism is

VOC(g); + OH— Za,-v —SOA9);_1 (5) attractive for computational efficiency in large-scale global
i=1 simulations. In this section, assumptions and parameteriza-

tions for development of the condensed 2-species mechanism

within WRF-Chem are discussed.

The condensed mechanism represents POA by two volatil-
ity species withC* values (at 298 K and 1 atm) of 18 and
10°ug m3 respectively. Separate POA species are used to
represent the two emissions sectors and the oxygen and non-
oxygen (C, H, N) components of each species as described
'gn Sect. 2.1 above. This gives the following:

i,e,o

a; =aj highB+a; jow(1— B) (6)

wherei is the volatility speciesy; is the overall NQ depen-
dent molar yield calculated from Eq. (6); high anda; jow

are the molar yields under high and low N@onditions re-
spectively,B is the NQ, branching ratio as defined by Lane
et al. (2008), and V-SOA(g)s the gas phase V-SOA precur-
sor concentration. The reaction rates of various VOC specie
with the OH radicals in Eq. (5) are already present within — POA(a) ..., = aerosol-phase POA, whereis the
the SAPRC-99 mechanism, as a part of gas-phase chem- volatility species,e is either the biomass or anthro-
istry, with the exception of sesquiterpenes. In this work, it pogenic emission sector,is either the oxygen or non-
is assumed that sesquiterpenes have the same OH reaction oxygen component, and is the size bin (1-4) as de-
rate as the terpene species in SAPRC-99. While sesquiter-  scribed in Sect. 2.1.

penes may react much faster with OH radicals as compared to
terpenes, their emissions are significantly lower. Sesquiter-
pene concentrations within the modeling domain are atleasThe gas-phase POA(Q)2... species ¢* of 10°ugnr3)
an order of magnitude lower than terpenes. Formation ofreacts with OH to produce SI-SOAf&)1. ., and

— POA(Q)...x = corresponding gas-phase POA species.
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SI-SOA(Q) —1..x (C* of 1072ugnT3 ). Note that POA 2.2.2 SOA formation
(8) =2...x would almost entirely remain in the gas phase un-
der most atmospheric conditions due to its high volatility. ~ SI-SOA
In addition to the 2-species VBS mechanism for POA and
non-traditional SI-SOA, we include a 1-species treatment ofSI-SOA is formed by gas-phase oxidation of S/IVOC vapors
traditional SOA (referred to as V-SOA) produced by oxida- represented by the 2nd volatility species4©f 10°ug m-3),
tion of biogenic and traditional anthropogenic VOCs. V- with each generation of oxidation moving material to the 1st
SOA C* is assumed to be equal to 1pgfcorrespond-  volatility species, thus representing 7 orders of magnitude
ing to the lowest volatility species in 4-product VBS for V- reduction in volatility. For a given reaction rate and S/IVOC
SOA in Sect. 2.1.2. We segregate the V-SOA species by themissions, this mechanism will be much faster in producing
parent-VOC emissions sector (biogenic and traditional an-SOA as compared to the 9-species VBS. In order to align
thropogenic) giving V-SOA(a)1...,and V-SOA(g)-1. as  SOA predictions from the 2 species VBS to the 9-species
described in Sect. 2.1.2. VBS, the reaction rate with OH radical is reduced by a fac-
In the condensed mechanism, there are 40 POA species (8r of 7 as compared to 9-species VBS approach (OH reac-
gas, 32 aerosol), 20 SI-SOA species (4 gas, 16 aerosol), artibn rate of 0.5% 101! molecule cn3s~1). An addition of

10 V-SOA species (2 gas, 8 aerosol) in the mechanism. 50 % oxygen mass is also assumed for the one generation of
o oxidation (instead of 15 % in the 9-species VBS approach)
2.2.1 S/IVOC emissions following the discussions by Pye and Seinfield (2010).

, Equations (1)—(4) are repeated within KPP for the 2-
The condensed 2-species appr_oai:h repriazsentsileA and SQecies VBS approach, but these equations are only written
as the first volatility species with™ of 107"ugn=. This ;00 resulting in oxidation of S/IVOC of species 2 on the
approach assumes that both POA and SOA in the model argyg hang side to form SI-SOA represented by species 1 on

non-volatile under most atmospherically relevant conditions.;, right hand side. The large addition of oxygen and reduc-
_POhA emissions are assumed to b_e 1/3rd Of_ SVOC emissiong,, of volatility in one oxidation step is hot meant to repre-

in the 9-species VBS approach discussed in Sect. 2.1.1., akgnyt 5 physical process, but rather to parameterize the aver-
lowing 2/3rd of SVOC emissions to have already evaporated, e effect of the more complex real processes, as the 7 times
relative to 9-species VBS approach, thus implicitly account-g|ovar OH reaction rate makes up for the large changes,

ing for gas-particle partitioning. IVOC emissions (are 6.5 bringing predictions of SI-SOA in the 2-species VBS closer
times POA and include 2/3rd of SVOC emissions) are rep-;, 9-species VBS as shown later

resented as the 2nd IVOC species withtfof 10°ug ni3.
The 2nd species represents all gas phase S/IVOC emissioRs SOA
within the modeling domain. Heno€* for this species is

chosen to be in the IVOC range to ensure all material re~y, 5o formation is represented using fixed 1-product yields

mains in the gas phase under most atmospheric conditiongyt ihese species. In the 4-product basis set for V-SOA as
The total SVOC and IVOC emissions in the 2-species VBSjgqcriped by Tsimpidi et al. (2010), the lowest volatility

approach are equal to the 9-species VBS. Table 2 shows thg,acies has 6* of 1ugnr3. For consistency, the volatil-
factors (f;) used to calculate S/IVOC emissions from POA. ity of 1-product V-SOA is assumed to have's of 1 pg ni3

As discussed earlier POA emissions are divided by 1.57 and; o9g k. The NQ dependent 1-product mass yields for tra-
1.25 for biomass burning and anthropogenic emissions regjiona| anthropogenic and biogenic V-SOA precursors are

spectively, to convert OM to OC prior to application of fac- yiven in Table S2 in the Supplement. The SOA yields for
tors f; in Table 2. The enthalpy of vaporizatiaftvapiS 8- glefin species are chosen to be equal to the yields corre-
sumed to be 83 kJmot as in Pye and Seinfield (2010), but sponding to species with™* of 1 pgnT3in the 4-product

the model is not very sensitive tHyap for the two volatility /g from Tsimpidi et al. (2010). For alkane species, since

species used in the condensed mechanism as the material rego yields corresponding to species with of 1 pg i 3are

resente_d by either species_ is firmly in one phase and far fron ¢ in Tsimpidi et al. (2010), yields from the next higher
the region where substantial fractions are in both phases. volatility species ¢* of 10 ug n3) are assigned to the low-

The SAPRC-99 gas-phase chemistry leading to 0zone forgg; \glatility species. Yields for ARO1 and ARO2 are as-

matipn in condgnsed 2-species VBS is gxactly the same asmed to be equal to toluene améxylene SOA yields re-
detailed 9-species VBS. However, reactions and SOA yieldypetively following Ng et al. (2007b). These yields are cho-
leading to SI-SOA and V-SOA formation are different and gep, tg be higher than respective ARO1 and ARO? yields cor-
are discussed in the following section. responding taC* of 1 g3 in Table 3. Yields for TERP
and SESQ species are assumed to be equalpgimene and
aromadendrene respectively (Ng et al., 2007a). All yields
are chosen at lowestMq values measured during the ex-
periments which are closer to ambient SOA concentrations.
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Table 3. Statistics comparing AMS PMF factors to corresponding WRF-Chem species predictions for the three modeling cases discussed in
this study at urban TO site and suburban T1 site.

\ HOA (ug m3) \ OOA (pg ni3) \ BBOA (ug ni3)
TO Cases \ 1 2 3| 1 2 3| 1 2 3
Mean obs. 5.81 7.63 2.58

*Bias (ugnT3) | —2.97 050 —-0.30| —2.60 -0.86 —-095| —2.13 —2.09 -1.95
**Correlation 0.50 0.50 0.50| 0.23 0.19 0.42] 0.21 0.21 0.19

T1 Cases \ 1 2 3| 1 2 3| 1 2 3

Mean obs. 1.23 4.43 1.44
*Bias (Ug m*3) -0.39 0.61 0.64| 0.33 2.09 191 -1.11 -1.08 -0.91
**Correlation 0.27 0.27 0.26| 0.15 0.11 0.26| 0.27 0.28 0.26

* Bias (ug nm3) = %Z(M,- — 0;) whereN is the number of sampleg); are the AMS PMF factors, antf; are WRF-Chem predictions.

1
** Correlation represents pearson correlation coefficients between AMS PMF factors and WRF-Chem predictions. WRF-Chem data were
interpolated in time to AMS data for calculation of statistics. The AMS data were available for 10-31 March 2006 at TO site and 12—-30
March 2006 at T1 site.

The traditional A-V-SOA and B-V-SOA predicted from the 2.4 Modeling runs

4-species formulation shown in Table S1 were found to be

similar to the 1-species formulation shown in Table S2. All A nested grid configuration with an outer grid using
SOA formation in this work is assumed to result from photo- 12 x 12 ki grid spacing and an inner grid using<3 ki
chemical reaction with OH radicals. Reactions with@hd  9rid spacing is used to model the Mexico City region. For
NOs radicals may also be important for SOA formation un- both detailed and condensed mechanisms, all OA species in-
der certain conditions (e.g. Capouet et al., 2008), and theygluding freshly emitted POA and SOA are assumed to form
will be incorporated into WRF-Chem in the future. an ideal solution. The total OA within the modeling domain

is calculated as the sum of POA, SOA, and a small amount
(0.1-0.3 ug m?) of background OA coming from boundary
conditions obtained from MOZART global simulations of
trace gases and aerosols (Emmons et al., 2010). Initial and
Dry deposition for all gas-phase SOA precursor species ioundary condition for all newly added VBS OA species is
calculated using the resistance model of Wesely (1989) asassumed to be zero. Three modeling cases were carried out.
suming a Henry's law constant of 2700 M atfnwhich is ~ The 9-species VBS was run for two anthropogenic S/IVOC
used for species such as cresol and condensable organic gasasissions cases: (1) default emissions from 2006 inventory
as documented in CAMXx user’s guide (Environ, 2009). Dry (2) twice the amount of default S/IVOC emissions as com-
deposition of OA is treated within MOSAIC similar to inor- pared to (1). S/IVOC emissions from biomass burning are
ganic aerosols. Wet deposition is neglected in present workassumed to be identical in both cases. The reasoning be-
Cloud-aerosol interactions, including wet removal, for all hind these runs is that default emissions from (1) using the
aerosols are not accounted for because the first two weekd006 MCMA inventory significantly under-predicted HOA

of the MILAGRO campaign were mostly cloud free (Fast as compared to AMS measurements. Using twice the amount
et al., 2007). Periods of afternoon convection and scatteredf S/IVOC emissions allows us to study the sensitivity of
precipitation did occur during the last week of the field cam- HOA and SOA to anthropogenic emissions. In the third
paign, but previous simulations using WRF-Chem by Fastmodel Case, the condensed 2-species VBS mechanism was
et al. (2009) found that the amount of aerosols removed byun with S/IVOC emissions equal to Case (2) above. Thus
the wet deposition during that period was relatively small. comparison of Cases (2) and (3) enables us to evaluate the
Also, the computational burden of handling the cloud pro- condensed mechanism against the detailed 9-species VBS
cesses would be excessive in the 9-species VBS formulatiomechanism. The condensed mechanism predicts the same
due to the need to transport both interstitial and cloud-bornénformation as the 9-species VBS including source-resolved
copies of each aerosol species. This would almost double thBOA and SOA mass concentrations, and evolution of O:C ra-
cost of the simulation. The condensed 2-species VBS formutios using the 4-species sectional representation for aerosols.
lation developed in this work is more suitable for complex

cloud-aerosol interactions in WRF-Chem.

2.3 Dry and wet deposition
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(a)Casel (b) Case 2 (c)Case3

60km 01 2 3 456 7 8 910
SOA concentration pg m-3

Fig. 1. Spatial distribution of 24-day average BXISOA concentrations (ug T¥) over Mexico City basin as predicted by 3 modeling Cases
discussed in the text. Also indicated are locations of TO site within city, T1 and T2 sites at the edge of the city, and the Altzomoni (Alt) site.
Case 1 represents 9 species VBS with default emissions, while Case 2 and Case 3 represent 9 species and 2 species VBS respectively wi
twice anthropogenic S/IVOC emissions, as discussed in the text.

For comparison with measurements, model predictions ar@.1  Spatial distributions of SOA
spatially and temporally interpolated to the location of the

me_asurement for both a!rcraft flights and ground site dataFigure 1 shows spatial distributions of 24-day average total
using the Aerosol Modeling Testbed Toolkit developed for SOA surface concentrations during 6-30 March, 2006 as pre-
WRZ(F.ﬁttﬁt ?l" Z?Tl)' IGr;)hund n;(zsur(;?entscare COMicted by the three modeling cases. SOA predictions from
pared wi € lowest level in the model{ m). -om- 9-species VBS and condensed 2-species VBS cases (Cases
parisons between measurements and model predictions ae. L d 3) are very similar throughout the modeling domain.
done at local ambient conditions of pressure and temperaturg, comparison, Case 1 with half the anthropogenic S/IVOC

fc(:)rr] both grtl)tund S|tets a?dde;lrczﬁft _fllghts. .(;A‘ISQ’ all \r:V]ZRF' emissions predicts lower SOA formation as expected, due to
em results are extracted for the inner grid usingSk smaller amounts of S/IVOC precursors as compared to the

grid spacing. Spatial maps shown in the present study (forOther WO cases

e.g. Fig. 1) represent the part of modeling domain where the o _
nested grid configuration was used. The largex 12 kn? Figure 2 shows the 24-day average contributions of vari-

grid spacing modeling domain is shown in previous studiesPUS SOA components as a percentage of OA for Case 2. As
e.g. Fast et al. (2007). In WRF-Chem, the predicted OA inShown in Fig. 2a, A-SI-SOA contributes 20-30 % to OA at
particle size bins 1-3 (0.039-2.5 um dry diameter) is com-T0 Site located within Mexico City. As the S/IVOC precur-
pared to AMS measurements. Fraction of mass in the thirdors move downwind and undergo multiple generations of

size bin (between 0.625 um and 2.5 um) was often less thagXidation chemistry, A-SI-SOA is dominant and contributes
15 % of total PM 5 OA mass. 50-70% to OA. BB-SI-SOA forms the second major com-

ponent contributing 10-30% to OA as shown in Fig. 2b.

The upper-right corner of Fig. 2b shows dominant BB-SI-
3 Results and discussion SOA contribution in a part of Gulf of Mexico, but 24-day

average absolute concentrations of BB-SI-SOA ranged 0.6—
In this section, the three modeling cases are evaluated witB.8 pg nT3 in that region, and were less than 1 pghover
highly time-resolved AMS measurements at two surface sitegshe entire Gulf of Mexico. In comparison, higher BB-SI-
(TO and T1) and several aircraft flights (8 G-1 flight tracks SOA concentrations ranging 1.7—2.0 pg¥nare observed
and 2 C-130 flight tracks) within and around Mexico City. over land and areas surrounding Mexico City (at TO and T1
Predicted organic aerosols are evaluated with respect to mas#tes not shown here). Figure 2c and d shows that both tra-
of total OA, HOA, OOA and BBOA, and O:C ratio measure- ditional SOA components (B-V-SOA and A-V-SOA) con-
ments. The rigorous evaluation with the comprehensive meatribute a much lower fraction (2-5%) to total OA. B-V-
surements in Mexico City region is essential to evaluate theSOA is higher in areas where biogenic emissions are higher,
emissions inventory and the OA mechanism, and also estabwhereas A-V-SOA is highest within the city and decreases
lish the utility of the simpler 2-species VBS mechanism in downwind. The decrease in A-V-SOA is in contrast to the
predicting OA concentrations for future regional and global increase in A-SI-SOA downwind from Mexico City. This
simulations. decrease is due to the fact that in the present formulation,
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(a) A-SI-SOA / Total OA (b) BB-SI-SOA / Total OA

T T T T

(c) B-V-SOA / Total OA (d) A-V-SOA / Total OA

Percentage of Total OA

oFRr NWNM o N © o

Fig. 2. Spatial distribution of 24-day average BM SI-SOA component§a) anthropogenic A-SI-SOAb) biomass burning BB-SI-SOA
(c) biogenic B-V-SOA(d) traditional anthropogenic A-V-SOA as a percentage of total OA over Mexico City basin as predicted by Case 2
(9-species VBS with twice default anthropogenic S/IVOC emissions).

A-V-SOA is formed only by first generation products of V- 3.2.1 HOA

SOA precursors emitted close to the city and partially evap-

orates with dilution downwind of the city (Dzepina et al.,, Models reproduce observed diurnal variations of HOA peak-
2011), while A-SI-SOA formation continues downwind due ing in the early morning rush hour period due to traffic emis-

to multiple generations of chemistry. sions as shown in Fig. 3a. However, all 3 modeling cases
_ _ under-predict the magnitude of observed peak in HOA. Fig-
3.2 Evaluation of OA components at TO site ure 3c shows that on an average across all days, the default

o o _ _ emissions (Case 1) under-predicts morning HOA peak by a

The TC_) site is situated v_wthln the center of Me>§|co City, rep- factor of 3, implying problems with the 2006 emissions in-
resenting an area dommatgd by urban emissions. In WRFgentory. Case 2 (9-species VBS) and Case 3 (2-species VBS)
Chem oxidation by OH radicals leads to SOA formation, SOyyith twice the anthropogenic S/IVOC emissions better repre-
accurate representation of OH radical concentrations is necsent traffic emissions. Table 3 shows bias and correlation co-
essary. As shown in the Supplement Fig. S7, WRF-Chengfficients of HOA, OOA and BBOA comparing WRF-Chem
under-predicts OH concentration peak at day-time by a faC'predictions to AMS PMF data. Table 3 shows a higher nega-
tor of 2 as compared to observations at the TO site (Dusangye HOA bias of—2.97 pg nT3for Case 1 compared to other
ter et al.,, 2009), but reproduces the timing of the OH peakyq cases. Also, since the spatial and temporal variation
Also, WRF-Chem predicts near-zero OH concentrations durf poA emissions is similar for all three cases, the Pearson
ing night-time, while measurements show higher concentracrelation coefficient for HOA is same for the three cases.
tions. But effects of low OH concentrations observed duringyoa peak from 9-species VBS is 35 % higher than 2-species
night-time (order of magnitude lower than day-time) on SOA \/Bs during early moming. The difference is related to the
formation is expected to be small. volatility distribution of SVOC emissions, as the 9-species

Model > POA(@) antrhopogeniar.» 1S compared to PMF  \/gg allows dynamic gas-particle partitioning using a glob-
HOA factor, > SI-SOA(@) ¢,x,n +>_V-SOA(@}.c,x,n IS €OM- 5y non-volatile fraction of 22 % as described earlier, while
pared to PMF OOA_POA(@) biomass-burningx,n IS COM- the 2-species VBS assumes that a constant fraction (one-
pared to PMF BBOA, and total simulated BMOA is com-  thjrd) of the SVOC emissions are HOA at all times. This
pared to measured total OA from PMF. Figure 3 comparesg g|so reflected in small positive HOA bias of 0.5 pg‘hfor
observed and simulated HOA and OOA at the TO site. Case 2, as compared to a small negative bias@8 pg nt3

for Case 3 when comparing against the AMS data (Table 3).
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Fig. 3. Observed and simulated OA components at the TO site within Mexico @jtiHOA time seriegb) OOA time seriegc) HOA diurnal
averagdgd) OOA diurnal average. Case 3 is not shown in pag@isnd(b) as it is very similar to Case 2.

3.2.2 OOA and ambient SOA particles do not evaporate at room tem-
perature for hours even under extremely dilute vapor-free
Figure 3b shows that after 18 March, OOA is under-predictedconditions. Also, within the existing modeling framework,
by all modeling cases. The diurnal average plot in Fig. 3dthe under-predictions of HOA and OOA using default emis-
shows that PMF OOA increases by a factor of 3 during thesions (Case 1) is caused due to lower emissions. Dzepina
afternoon as compared to night-time, due to photochemistryet al. (2009) in a box modeling study derived HOA and
But, Case 1 and Case 2 predict almost constant SOA conS/IVOC from observations, rather than the emissions inven-
centrations throughout the day due to compensating effectgory, and observed better closure between modeled SOA and
of dilution by growth of boundary layer and photochemistry OOA observations. Aiken et al. (2009) concluded that to-
as day progresses. In addition, Table 3 shows significantlytal primary PM (not the same as POA) was underestimated
higher OOA negative bias+2.6 ugnt3) for Case 1 com- by about a factor of 4 with respect to the 2006 emissions
pared to the other two cases. Among the 3 modeling casesnventory, therefore it is possible that an underestimation of
the 2-species VBS (Case 3) is closest to PMF OOA, predicturban POA emissions remains in Case 2, leading to the ob-
ing two times higher afternoon peak as compared to mornserved discrepancy. Also, the 2006 biomass burning emis-
ing as shown in Fig. 3d. Also, Table 3 shows significantly sions inventory for Mexico City of Wiedynmier et al. (2006)
higher correlation of SOA predictions from Case 3 (0.42) asunder-predicts BBOA as compared to PMF BBOA. Table 3
compared to the other two cases (0.23 and 0.19 respectivelylhows consistently high BBOA negative biases, on the order
The differences between 9-species and 2-species VBS aref —2 pgnt3, for all three modeling cases. Missing SOA
due to volatility distribution of SOA, as the 2-species VBS from biomass burning precursors may also be responsible
causes all SOA formed to be almost non-volatile at ambientfor model-measurement differences in OOA, although the
conditions C* of 10-2ug n3), while the 9-species VBS al- BBOA under-prediction is stronger during the early morn-
lows evaporation of SOA with dilution as the boundary layer ing (Fig. 4c), and the low levels of the biomass burning tracer
grows. Higher correlation of 2-species VBS SOA predictions acetonitrile at TO during afternoons (Aiken et al., 2010) make
with AMS PMF OOA implies that SOA may be less volatile this possibility less likely.
as compared to the volatility distribution in the 9-species
VBS mechanism, as shown by Cappa and Jimenez (2010)
and Dzepina et al. (2009, 2011). Consistent with this, Vaden
et al. (2011) recently showed that both laboratory generated
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(Mg m*3) with height above ground level (a.g.[B) Ratio of HOA, SOA and BBOA fronta) with respect to total OAc) Diurnal variation

of surface concentrations-@5 ma.g.l.) of OA components. Solid lines show WRF-Chem Case 2 simulations, while dashed lines show AMS
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3.2.3 \Vertical profile, surface concentration and human health and climate. The ubiquity and dominance of

column burden SOA in the atmosphere is also implied by PMF analysis of

AMS measurements (Zhang et al., 2007). The fractional

In addition to surface concentrations, it is also useful to lookimportance of BBOA increases with height from 4% near

at vertical concentration profiles and total column integratedthe surface to 12% at 3kma.g.l. as shown in Fig. 4b. The
burdens of various OA components. Surface concentration¥ertical distribution of BBOA emissions in WRF-Chem is

of pollutants are monitored for their health impacts, while based on the fire emission locations in the hills and moun-
vertical concentration profile and total column burden are im-tains surrounding Mexico City, as well as mixing of smoke
portant for climate effects. in the boundary layer before it is transported into Mexico

Figure 4a shows the vertical distribution of HOA, SOA, _City. Previous aircraft measurements have also seen increas-

BBOA and total OA concentrations, while Fig. 4b shows "9 BBOA with height in Mexico City (Aiken et al., 2010;
ratio of OA components to total OA with height above Crounse etal., 2009).

ground level (a.g.l.) at the TO site. HOA concentrations Figure 4d shows diurnal variation of total column inte-
are maximum at the surface (48 % of total OA as shown ingrated burden (mgm?) of OA components in the atmo-
Fig. 4b) and decrease with increasing AGL. SOA concen-sphere. Solid lines in the figure represent results from Case 2
tration is comparable to HOA at the surface, but decrease present study, while dashed lines represent estimations
much slower as compared to HOA at higher levels. Figurefrom previous work by Aiken et al. (2010). The SOA bur-
4b shows that ratio of SOA/total OA increases from 0.5 nearden decreases during night-time, but increases due to photo-
the surface to 0.75 at 1-4kma.g.l. height. Continued pho-chemistry in the day peaking at 16:00-17:00 LT. The magni-
tochemical oxidation of SOA precursors in the atmospheretude and timing of daytime peak in SOA burden is compara-
causes SOA to be dominant component of OA above théble to the previous estimates by Aiken et al. (2010). Aiken
surface even over the highly urbanized TO site as shown iret al. (2010) calculated the column burdens by multiplying
Fig. 4b. Thus model predictions imply that SOA is the most surface concentrations with boundary layer depths assum-
important component of OA in the atmosphere affecting bothing constant concentration across depth of boundary layer,
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but neglected species present above boundary layer in thand 3. O:C ratios decrease as fresh reduced primary organic
morning. In the present study, column burden is calculatecemissions are added every hour in the model, but increase
by integrating vertical concentration profile of OA compo- as photochemistry causes SOA formation with addition of
nents adding species present within and above the boundaigxygen. Case 1 has half of the fresh reduced anthropogenic
layer till the top of modeling domain as predicted by WRF- emissions as compared to Case 2, resulting in higher O:C
Chem. SOA estimated by Aiken et al. (2010) in the night- ratios.
time and early morning till 08:00 LT are factor of 4-9 lower  Case 3 (2-species VBS) predicts very similar O:C ratios
than present study as shown in Fig. 4d. There is good agreeas Case 2 at TO site as shown in Fig. 5a. The agreement
ment for the middle of the day when the convective boundaryin O:C ratios between Case 2 and Case 3 over the city is
layer is deep, but the column burden is strongly underestivery interesting. Case 2 represents 9-species VBS with 15 %
mated using the method of Aiken et al. (2010) in the night- added oxygen mass per generation of oxidation, while Case 3
time and early morning when the boundary layer is shallow.represent 2-species VBS with 50% added oxygen and 7
This underestimation points to a very important conclusiontimes slower chemistry as compared to Case 2. Figure 5b
that there is often substantial OA in the residual layer aboveshows that predicted 24-day average O:C ratios varies spa-
the boundary layer in the night-time and early morning, andtially ranging from a high of 0.3 at TO site increasing to 0.6
it should not be neglected in model calculations. further downwind, and could be as high as 0.7 over the Gulf
It is also instructive to compare diurnal variations of to- of Mexico representing highly oxygenated organic material.
tal column burden vs. surface concentration of various OAIn comparison, Hodzic et al. (2010) and Dzepina et al. (2011)
components as shown in Fig. 4c and d. Surface concentratiopredicted much smaller O:C ratios ranging 0.14-0.24 over
shown in Fig. 4c changes due to evolution of boundary layerthe Mexico City domain using the ROB approach adding one
as the day progresses, but the total column integrated burdedxygen atom per generation of oxidation following Robinson
(shown in Fig. 4d) is not influenced by vertical dilution due et al. (2007). These studies better predicted the O:C ratios
to changing boundary layer. Model surface SOA concentra-both within the city and downwind using the GRI approach
tions do not indicate significant diurnal variation due to op- in which the added oxygen mass was 40 % and the chemistry
posing effects of dilution and photochemistry, but total SOA was 2 times slower than in our simulation.
burden shows a strong diurnal variation due to photochem- Figure 5c and d compare AMS O:C ratios to WRF-Chem
istry. Also HOA surface concentration peaks at 07:00 LT, simulations along C-130 flight tracks on 10 March (a high
but column burden of HOA is nearly constant throughout thebiomass burning day) and 29 March (a low biomass burn-
day. BBOA surface concentrations and column burden botting day), respectively. This comparison along the flight tran-
show similar diurnal variations with peaks at 18:00 LT due sects allows a more comprehensive evaluation of O:C ratios
to relatively uniform vertical distribution of BBOA shown in as compared to just ground site locations. A portion of the C-
Fig. 4a and b. Total OA surface concentrations and columnl30 flight transects were located further downwind of Mex-

burden follow corresponding diurnal variations of SOA. ico City as discussed later. All 3 model Cases reproduce vari-
ations in measured AMS O:C ratios on 10 March reasonably
3.2.4 O:Cratio well; but simulations under-predict peaks in O:C ratios, spe-

cially at downwind locations. The two large peaks in O:C
O:C ratios provide another measure to verify the perfor-ratios predicted by Case 1 and Case 2 in Fig. 5c are dur-
mance of SOA treatments, supplementing evaluations usingng lowest OA predictions events chiefly dominated by SOA.
OA mass and its components. The evolution of the carborOn March 29, WRF-Chem simulations consistently under-
and oxygen parts of SI-SOA are explicitly tracked in WRF- predict O:C ratios as compared to measurements (shown in
Chem, making it possible to calculate temporal and spatiaFig. 5d). Most of the simulated values vary around 0.5, while
variations in elemental O:C ratios in the aerosol phase. INAMS measured O:C ratios as high as 0.8 downwind of Mex-
Fig. 5, we evaluate modeled O:C ratio predictions in terms ofico City on this day. It is important to note that the 2-species
20-day diurnal variations at the TO site, time averaged spatiaVBS (Case 3) predicts lower O:C ratios than 9-species VBS
variation across the modeling domain and along two C-130(Case 2) over downwind locations on this day; however the
flight transects in the atmosphere. Figure 5a compares mealifferences between these cases are less than 25%. All 3
sured and simulated temporal variation of O:C ratios at themodeling cases show very similar temporal variations in O:C
TO site, while Fig. 5b looks at 24-day average spatial vari-ratios, which is expected since temporal variations in emis-
ation of elemental O:C ratios predicted by Case 2. In thissions, deposition, meteorology, and chemistry are similar
study, two oxygen atoms are added per generation of oxiwithin WRF-Chem for all runs.
dation of S/IVOC precursors as discussed earlier. Figure 5a Results from both this study and previous studies show a
shows that all three modeling cases reproduce the temporatrong sensitivity of O:C ratios to the assumed oxygen added
variations of O:C ratios, but the magnitude is under-predictedper generation of oxidation and point towards a need for ad-
at the TO site. Case 1 is closest to AMS measurements preditional experimental validation. Also fragmentation reac-
dicting higher elemental O:C ratios as compared to Case 2ions which could cause an increase in O:C ratios (Kroll et
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al., 2009) need to be included in future parameterizationslater in the day as compared to PMF OOA. As shown in Ta-
Improving emission estimates for e.g. increasing biomassle 3, while OOA bias is lowest for Case 1, Case 3 shows
burning emissions would also help to increase O:C ratio prethe highest correlation with PMF OOA at T1 site. Some of
dictions bringing them closer to measurements. Accuratehis over-prediction in SOA may also be due to uncertainties
predictions of O:C ratios are important to better understandn chemistry parameterization producing too much SI-SOA
the resulting effects on direct and indirect radiative forcing downwind of the city center. Figure 6d shows two peaks in
of climate by relating aerosol optical properties and CCNAMS PMF BBOA during early morning and late afternoon

activation as function of chemical processing of OA in the hours respectively. All model predictions clearly show sig-

atmosphere (Jimenez et al., 2009). nificantly lower BBOA and do not capture the timing and
magnitude of measured PMF BBOA, pointing to limitations
3.3 Evaluation of OA components at T1 site in biomass burning emission inventory. Table 3 shows con-

sistent negative biases in BBOA for all three modeling cases.
The T1 site is located at the northern edge of the city. As

discussed in Fast et al. (2009), the present WRF-Chem setup Overall, the default emissions inventory (Case 1) under-
uses 3x 3 kn? grid spacing which may not be enough to rep- predicts surface level HOA at both TO and T1 sites. Also,
resent the strong spatial gradients of emissions in this regionTable 3 shows significantly lower correlation of predicted
Figure 6a—d compare average diurnal variations of AMS to-and observed HOA at the T1 site as compared to the TO
tal OA, HOA, OOA and BBOA with corresponding WRF- site (0.27 for T1 vs. 0.50 for T0O), suggesting that the spa-
Chem predictions. As shown in Fig. 6b, Case 1 with defaulttial and temporal distribution of POA emissions needs to be
emissions under-predicts the early morning HOA peak by arevised in the 2006 emissions inventory. The diurnal varia-
factor of 2, while the other two modeling cases reproducetion of OOA is not well captured by all three modeling Cases
both magnitude and timing of the early morning HOA peak. at both TO and T1 sites. Also, both 9-species and 2-species
Figure 6¢ shows that PMF OOA peaks during late afternoonvBS schemes show significantly greater bias and lower cor-
due to photochemical production of SOA. The timing of the relations for OOA as compared to HOA at TO and T1 sites as
late afternoon PMF OOA peak is best reproduced by Case 3shown in Table 3. But, Case 3 with 2-species VBS predicts
but Case 3 over-predicts magnitude of this peak by 40%.OOA concentrations better at both TO and T1 sites as com-
In comparison, both Case 1 and Case 2 show SOA peakingared to other two modeling cases, reflected in significantly
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higher correlation coefficients of Case 3 predictions with cases as shown in Fig. 7d. The overestimation in OOA points
AMS OOA. Since SI-SOA contributes major fraction of SOA to missing processes such as fragmentation reaction which
within the modeling domain, these results suggest that bottare not included in this study. Figure 7e shows that BBOA
volatility distribution and chemistry parameterizations of Sl- is consistently under-predicted both over the city and down-
SOA are poorly constrained. Consistent with trends in HOAwind locations pointing to problems in the biomass burning
and OOA, total OA is under-predicted by Case 1, at both T1lemissions inventory.

and TO (not shown) sites as compared to observations. Figure 7f quantifies different SOA source-contributions in
this study along the flight track using Case 2. These in-
3.4 Evaluation of OA components aloft clude V-SOA from traditional anthropogenic and biogenic

precursors (A-V-SOA and B-V-SOA), and SI-SOA from

AMS measurements aloft are available from G-1 (Kleinmans/|vVOC precursor emissions related to anthropogenic and
et al., 2008) and C-130 (DeCarlo et al., 2008) aircraft flight biomass burning emissions (A-SI-SOA and BB-SI-SOA re-
transects. The two aircrafts made several transects on diffelspectively). Both over the city and at downwind locations A-
ent days flying above the center of Mexico City and down- S|-SOA and BB-SI-SOA are equally important. Traditional
wind. This high-time resolution AMS data is valuable to A-V-SOA and B-V-SOA contributes a much smaller fraction
study time evolution and growth of organic aerosols as theyto SOA both over city and downwind locations, and biomass
move from city to further downwind locations. burning and anthropogenic emissions (predominantly traffic

Figures 7 and 8 compare WRF-Chem outputs to highlyemissions) are the two major SOA precursor sources within
time resolved AMS data for OA components along the C-130and around the Mexico City region. Total simulated OA
transect on 10 March and the G-1 transect on 15 March, rein Fig. 7b looks better as compared to individual derived
spectively. On 10 March, MODIS detected several large firesOA components due to compensating errors from simulated
within 60 km of Mexico City, thus it was a high biomass- HOA and BBOA that are too low and OOA that is too high.
burning day. March 15 was a day with relatively low biomass
burning. Both WRF-Chem and AMS data are averaged t03.4.2 G-1 flight on 15 March
1 min time intervals to reduce high-frequency variability and

ease visual comparison. Another example is shown in terms of G-1 flight transects on
the morning of 15 March in Fig. 8. This was a low biomass
3.4.1 C-130 flight on 10 March burning day as compared to 10 March. As shown in Fig. 8a,

spatial variations of predicted CO are qualitatively similar to

On the morning of 10 March, 2006, the C-130 aircraft en- observations. The largest scatter in observed and simulated
countered a large number of biomass burning fires as de€O occurs over the city due to errors in timing and location
tected by MODIS fire counts (Fast et al., 2009) as it flew of simulated plume (Fast et al., 2009).
from the Gulf of Mexico towards Mexico City. The aircraft  Figure 8b shows that variations in total OA are reasonably
sampled several downwind locations between Mexico Citysimulated by WRF-Chem over the city and nearby down-
and Veracruz at 11:00-14:00LT. Figure 7a shows that theravind locations. OA is over-predicted at farther downwind
may be small transport and dilution errors close to 12:30-ocations mainly due to over-prediction in OOA. As shown
13:00 LT shown by difference in measured and simulated CQOn Fig. 8c, simulated HOA is under-predicted over the city
concentrations. When the aircraft flew close to the city overas compared to AMS HOA (during 11:00-11:30LT). Case 1
TO and T1 sites (14:30-16:00LT), Fig. 7a shows that COpredicts lower HOA as compared to other two cases due to
is over-predicted somewhat by WRF-Chem as compared tdower anthropogenic S/IVOC emissions as discussed earlier.
observations; however, the temporal variations look consisThe consistent under-prediction in HOA suggests possible
tent. The C-130 then flew back to Veracruz late in the af-errors in SVOC emissions or volatility distribution of emis-
ternoon. The high temporal variability in CO and OA emis- sions, e.g. a potentially higher fraction of SVOC emissions
sions is caused by the aircraft flying within and outside thebeing non-volatile than assumed in the current model.
boundary layer. Between 10:00-10:30 LT and 11:30-12:30LT the aircraft

Figure 7b shows that variations in total OA over city region flew downwind over T1 and between Mexico City and Ver-
are reasonably simulated by all WRF-Chem modeling casesacruz farther downwind. Figure 8d shows that OOA is over-
WRF-Chem slightly under-predicts total OA over the city as predicted both over the city and downwind by all model-
compared to AMS data. However, when the aircraft flew overing cases, with much higher over-prediction downwind as
downwind locations earlier during the day, WRF-Chem over-compared to over city. Figure 8e also shows that BBOA is
predicts total OA by more than a factor of 2 as compared tounder-predicted on this day too by all modeling cases. Fig-
AMS measurements. ure 8f shows SOA source-contributions using Case 2 along

Figure 7c shows that HOA is under-predicted by all mod- the flight transect. Over the city, A-SI-SOA is dominant
eling cases over the city. Also, at downwind locations, OOA contributor to SOA. At farther downwind locations, BB-SI-
is over-predicted by upto a factor of 5 by all three modeling SOA starts playing a more important role consistent with
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conclusions from C-130 flight transect shown in Fig. 7f. As Almost an opposite trend is seen for OOA in Fig. 9b. On
expected, traditional A-V-SOA is higher over the city where most days, the model over-predicts SOA as compared to cor-
anthropogenic emission sources are higher as compared t@sponding PMF OOA. In addition, the model predictions
downwind locations. Also, both traditional A-V-SOA and show greater variability as compared to PMF observations.
B-V-SOA precursors contribute relatively low SOA mass The greatest predicted variability in the simulations is seen
as compared to S/IVOC precursors from anthropogenic andor the C-130 flight on 10 March. 10 March was a high
biomass burning emissions. biomass burning day with several large fires within 60 km
of Mexico City. Biomass burning contributions to SI-SOA
3.4.3 Model-measurement comparisons across several on this day were similar to anthropogenic SI-SOA contribu-
flight tracks tions (as shown in Fig. 7f). Figure 9c shows that predicted
BBOA across most flight tracks (especially evident on high
So far we have looked at 2 flight transects in detail. Fig- biomass burning days, such as 10 March) is too low, point-
ure 9 compares WRF-Chem predictions to AMS PMF dataing to significant uncertainties and missing biomass burning
for eight G-1 and two C-130 flights. Variations in both WRF- smoke emissions in the inventory used here. Most impor-
Chem predictions and AMS data are represented by box plotgantly, Fig. 9 shows that the magnitude and variability of
showing percentiles. Figure 9 shows that WRF-Chem predicHOA, SOA and BBOA predicted by 9-species VBS and 2-
tions of HOA are lower than that derived from PMF, while species VBS mechanisms are very similar. This compre-
WRF-Chem over-predicts SOA on most flight days, consis-hensive evaluation using aircraft measurements over both
tent with all discussions so far. PMF HOA also shows sig- city and downwind locations provides evidence of the util-
nificantly greater variability on any given day as comparedity of the condensed 2-species VBS mechanism to represent
to predictions. Part of the variability in PMF HOA may OA in climate models. WRF-Chem under-predicts total OA
arise due to the fact that PMF of unit resolution data usedacross most G-1 flight transects as shown in Fig. 9d, consis-
for the G-1 aircraft, has difficulty separating contributions tent with under-prediction of HOA and BBOA over the city.
of HOA and BBOA (Aiken et al., 2009). C-130 data uti- Also, WRF-Chem over-predicts total OA at farther down-
lize high-resolution AMS data, which is much better able to wind locations as shown by the two C-130 flights on 10 and
separate HOA and BBOA components. But as discussed eaR9 March respectively, due to significant over-prediction of
lier, significant spatial and temporal variation of emissions SOA downwind.
also causes higher variability in PMF HOA which is not cap-
tured by 2006 MCMA emissions inventory used in this work.
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Fig. 7. Comparing WRF-Chem predictions to measurem¢afsCO mixing ratios, andb) total OA, (c) HOA, (d) OOA and(e) BBOA

versus corresponding Positive matrix factorization (PMF) fac{dyd/arious SOA components predicted by WRF-Chem Case 2 simulations
along flight transect of C-130 on 10th of March as discussed in text. Case 1, Case 2 and Case 3 are different modeling Cases as discusse
in the text. PMF data are averaged to 1 min time intervals to reduce visual cluttgfy, iue and green denote the sum of semi-volatile

and intermediate volatility SOA from anthropogenic and biomass burning sources, respectively, and black and orange denote SOA from
traditional anthropogenic and biogenic sources, respectively.

Section S3.0 in the supporting online information com- 4 Discussion
pares predictions from WRF-Chem using 9-species VBS

(Case 2) against CHIMERE model predictions described h h i lated b bi |
by Hodzic et al. (2010). The main differences include the 1€ VBS approach formulated by Robinson et al. (2007)

following: (1) WRF-Chem uses online meteorology and is ugeful to rgpresent varying_gas—pgrticle partitioning a_nd
CHIMERE uses offline meteorology, as discussed earlier,mult''gener""t'on"’II photoch§m|cal aging Of_ a complex MiX-
(2) the CHIMERE model includes the wet deposition of ture of thousands of organic species in air-quality models.

aerosols, whereas WRF-Chem does not, and (3) the emidn this work, it is shown that HOA is better simulated by
sions of POA are based on two different inventories. Differ- the VBS approach as compared to OOA. Model simulation

ences in coupling of processes between online and oI’“fIinéNith tlhe, all 3 phases Show significantl?]/ high bi&:js and_low
air quality modeling, as discussed by Grell et al. (2004),C°rre ations with AMS PMF OOA at the TO and T1 sites

likely contribute to some of the differences in the chemi- (Table 3). In addition the VBS approach significantly over-

cal fields between WRF-Chem and CHIMERE. Additional Predicts OOA downwind of city as shown by flight tran-
differences in gas-phase chemistry, dry deposition, and imSects. These results show limitations in representation of pro-

plementation of VBS between the two models are discusse§®SS€S CO”t”bU“”Q to formation and evolqtion _Of secondary
in Sect. $3.0. Section S3.0 shows that predictions of WRFLrganic aerosols in models. As shown in this study and
Chem and CHIMERE are comparable at the TO site, Wh“eseveral recent studies using this approach for Mexico City

WRF-Chem predicts on average 50 % higher (and closer tchzepina etal., .200'9,. 2011; Hodzic et al., ?010; Shrivastgva
observed) SOA than CHIMERE at the T1 site. et al., 2008; Tsimpidi et al., 2010), experiments constrain-

ing various parameterizations related to emissions of S/IVOC
precursors, volatility distribution, and chemistry including
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and intermediate volatility SOA from anthropogenic and biomass burning sources, respectively, and black and orange denote SOA from
traditional anthropogenic and biogenic sources, respectively.

functionalization, fragmentation and oligomerization reac- Mexico City region. In addition, consistent under-prediction
tions are needed to improve predictions of both mass and oxin HOA within the city center and most aircraft flights aloft
idation state of OA in the atmosphere. In addition, Vaden etsuggest that either primary anthropogenic SVOC emissions
al. (2011) recently showed that SOA particles in both labora-need to be increased or SVOC emissions have a higher non-
tory and ambient environments evaporate much slower thawolatile fraction than currently assumed. Also, Fig. S2 in
predictions of kinetic models based on absorptive partition-the Supplement shows higher scatter in PMF HOA when
ing theory, challenging fundamental assumptions of instantaplotted against CO as compared to WRF-Chem predictions.
neous reversible equilibrium and liquid-like SOA behavior in This suggests that spatial and temporal variation of emis-
SOA models. The implications of Vaden et al. (2011) study sions in 2006 MCMA inventory need to be revised. In addi-
on SOA predictions needs to be evaluated in the future. tion, the effect of loss mechanisms such as dry deposition of
More research is also needed to make sure that total OA&/IVOC vapors downwind need to be quantified experimen-
is accurately predicted for the right reasons: i.e. all the com1ally. Karl et al. (2010) recently showed that dry deposition
ponents of OA including HOA, OOA, and BBOA need to be Of oxygenated VOCs is substantially larger than previously
right as well. In addition, models also need to capture thedssumed for deciduous ecosystems. Models need to account
evolution of O:C ratios of OA. AMS measurements during for changing dry deposition as a function of photochemical
field experiments involving both ground and aircraft flights @ging of organics in the atmosphere. Accurate representation
are valuable to help constrain parameters of the VBS ap©f all physical and chemical processes affecting OA is neces-
proach. For example, we showed that biomass burning emissary to get the right answers for the right reasons in climate
sions are consistently under-predicted by all model case§hodels.
at both ground and aircraft locations pointing to a contin-
ued need to revise biomass burning emissions in and around
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OA and organic vapor measurements also need substarzation need to be developed and deployed, especially those
tial improvements. Uncertainties in AMS measurements andhat may have more detailed chemical markers for OA from
subsequent PMF analysis also need to be better quantifiedlifferent sources. Importantly, a measurement of total gas-
These uncertainties will vary spatially and temporally due tophase species with some volatility and/or chemical resolution
two factors. First, there were possible variations in collectionsuch as O:C (analogous to the AMS) is critically needed, as
efficiency among the different G-1 flights (Kleinman et al., otherwise no comparison of predicted vs. measured bulk gas-
2008). These variations are inconsistent, however, with theohase species is possible, as in this study. Finally resolving
good intercomparisons observed for the C-130 aircraft (De-the discrepancies between different non-fossil carbon mea-
Carlo et al., 2008) at the TO site and the uncertainty analysisurements and performing those measurements with higher
of collection efficiency (CE) in several campaigns by Mid- time resolution is important for better constraining model re-
dlebrook et al. (2011), which highlights the difficulty of de- sults, as discussed in Sect. S2.0 in the Supplement. In addi-
termining AMS CE from single instrument intercomparisons tion, several other processes such as formation of SOA from
in the field. Second, PMF will have difficulty separating the volatile species as glyoxal, increase of biogenic SOA vyields
contribution of different OA factors at locations and times in presence of anthropogenic pollution for e.g. formation of
when markers for different factors as HOA, OOA and BBOA organo-sulfates, organo-nitrates and esterification processes,
co-vary in the atmosphere (which often occurred during MI-and SOA formation in clouds, need to be studied and in-
LAGRO), especially when unit-resolution data is used as forcluded in models.
the G-1 aircraft and the T1 site (Aiken et al., 2009). Compar-
ing PMF results to predictions from a source-oriented model-
ing approach such as WRF-Chem helps to identify the rang& Conclusions
of uncertainties in both source-oriented and PMF based ap-
proaches. At the same time, information from both typesThe WRF-Chem community model has been revised to in-
of approaches needs to be combined in a consistent marjude SOA formation coupled to the inorganic MOSAIC
ner to improve OA predictions in the atmosphere. In ad-code for the first time. Traditional V-SOA formation using
dition to improvements of the AMS and its analysis tech- NO,-dependent yields from both traditional anthropogenic
niques, additional real-time instruments for OA characteri-and biogenic VOC precursors are included. Non-traditional
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SOA formation from S/IVOC precursors is also implemented National Laboratory), Manjula Canagaratna (Aerodyne Research
using the volatility basis-set approach following Robinson Inc.), Lizbeth Alexander (PNNL), and Peter DeCarlo, Allison
et al. (2007). In addition to 9-species VBS approach toAiken, and Ingrid Ulbrich (Univ. of Colorado) for providing
model SI-SOA formation from S/IVOC precursor emissions, AMS data, and Georg Grell and Steven Peckham (NOAA / Earth
a highly condensed 2-species VBS approach is developeéyStem Research Laboratory) for their support of WRF-Chem. JLJ

. L : ] . was supported by NOAA NAOBOAR4310565. This research was
and tested with respect to similarity to the detailed 9 .spemeg"upporte d by the US DOE’s Atmospheric Sciences Program of the

. . . . ffice of Biological and Environmental Research (OBER) under
aircraft sampling during MCMA 2006 is used to evaluate -, a0t DE-AC06-76RLO 1830 at Pacific Northwest National

WRF-Chem simulations. Results show that 2-species VBS aporatory (PNNL). PNNL is operated for the US DOE by Battelle
predictions of total OA, HOA, OOA and BBOA are similar pemorial Institute.

to the 9-species VBS predictions (with same S/IVOC emis-
sions) at both ground locations (TO and T1 sites) and alongedited by: A. Baklanov
10 aircraft transects studied. This comprehensive evaluation
includes a range of conditions from city center to downwind
locations.

In addition, the 2-species VBS also predicts evolution o
(2)5.%2);&'[:'?12 g:g”?}f to tt]e 9-§peC|es VB.S approach (within @iken, A. C., Decarlo, P. F,, Kroll, J. H., Worsnop, D. R., Huff-

4 plified 2-species mechanism reduces the CQm man, J. A, Docherty, K. S., Ulbrich, I. M., Mohr, C., Kimmel,
putational cost by a factor of 2 as.compared to 9-species j R, sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway,
VBS. Thus the condensed 2-species mechanism is better v, ziemann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarra,
suited for routine applications using computationally expen- M. R., Prevot, A. S. H., Dommen, J., Duplissy, J., Metzger, A.,
sive models such as WRF-Chem running coupled cloud- Baltensperger, U., and Jimenez, J. L.: O/C and OM/OC ratios
aerosol-meteorology as well as global models. Validating the of primary, secondary, and ambient organic aerosols with high-
2-species to the 9-species VBS predictions is an essential first resolution time-of-flight aerosol mass spectrometry, Environ.
step to using these highly condensed SOA mechanisms de- Sci- Technol,, 42, 4478-44880i:10.1021/es7030094008.
signed to represent the full complexity of information (both Aken. A. C., Salcedo, D., Cubison, M. J., Huffman, J. A., DeCarlo,
mass and oxidation state of OA). However, as discussed in P. %, Ulbrich, 1. M., D_ocherty, K. S., Sueper, D., Kimmel, J.
the text both 9-species and 2-species VBS formalisms do not R., Worsnop, D. R., Trimborn, A., Northway, M., Stone, E. A.,

. . . Schauer, J. J., Volkamer, R. M., Fortner, E., de Foy, B., Wang, J.,
simulate SOA well. Future studies need to re—evaluate €~ | askin, A., Shutthanandan, V., Zheng, J., Zhang, R., Gaffney, J.,
ther of these VBS approaches as new experimental data on parley, N. A., Paredes-Miranda, G., Arnott, W. P., Molina, L. T.,
SOA formation and atmospheric evolution, and emissions of sosa, G., and Jimenez, J. L.: Mexico City aerosol analysis during
S/IVOC precursors are available, which is beyond the scope MILAGRO using high resolution aerosol mass spectrometry at
of this study. the urban supersite (T0) - Part 1: Fine particle composition and

In the future, we also plan to evaluate the impact of evolv-  organic source apportionment, Atmos. Chem. Phys., 9, 6633—
ing mass and oxidation state (O:C ratio) of OA on aerosol 6653,doi:10.5194/acp-9-6633-2002009.
optical properties (e.g. refractive index), hygroscopicity andAiken, A. C., de Foy, B., Wiedinmyer, C., DeCarlo, P. F., Ul-
CCN activity, and dry deposition of S/IVOC precursors vary- ~ Prich. I. M., Wehrli, M. N., Szidat, S., Prevot, A. S. H., Noda,
ing with O:C ratios by means of WRF-Chem using more re- J» Wacker, L., Volkamer, R., Fortner, E., Wang, J., Laskin, A.,
cent field and laboratory data. Additional well-coordinated Shutthanandan, V., Zheng, J,, Zhang, R, Paredes-Miranda, G.,

field and lab ded . Arnott, W. P., Molina, L. T., Sosa, G., Querol, X., and Jimenez,
leld and laboratory measurements are needed to constrain j | . \exico city aerosol analysis during MILAGRO using high

these parameterizations as a function of photochemical ag- resoiution aerosol mass spectrometry at the urban supersite (T0)
ing of OA in the atmosphere. — Part 2: Analysis of the biomass burning contribution and the
non-fossil carbon fraction, Atmos. Chem. Phys., 10, 5315-5341,
doi:10.5194/acp-10-5315-2012010.
A - . . Akagi, S. K., Yokelson, R. J., Wiedinmyer, C., Alvarado, M. J.,
article is available online at: Reid, J. S., Karl, T., Crounse, J. D., and Wennberg, P. O.: Emis-
http://www.atmos-chem-phys.net/11/6639/2011/ sion factors for open and domestic biomass burning for use
acp-11-6639-2011-supplement.pdf in atmospheric models, Atmos. Chem. Phys., 11, 4039-4072,
doi:10.5194/acp-11-4039-2014011.
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