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Abstract

The Weather Research and Forecasting model coupled with chemistry (WRF-Chem) is
modified to include a volatility basis set (VBS) treatment of secondary organic aerosol
formation. The VBS approach, coupled with SAPRC-99 gas-phase chemistry mecha-
nism, is used to model gas-particle partitioning and multiple generations of gas-phase5

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 sim-
ilarity to the 9-species VBS in terms of both mass and oxygen-to-carbon ratios of
organic aerosols in the atmosphere. WRF-Chem results are evaluated against field
measurements of organic aerosols collected during the MILAGRO 2006 campaign in10

the vicinity of Mexico City. The simplified 2-species mechanism reduces the computa-
tional cost by a factor of 2 as compared to 9-species VBS. Both ground site and aircraft
measurements suggest that the 9-species and 2-species VBS predictions of total or-
ganic aerosol mass as well as individual organic aerosol components including primary,
secondary, and biomass burning are comparable in magnitude. In addition, oxygen-to-15

carbon ratio predictions from both approaches agree within 25%, providing evidence
that the 2-species VBS is well suited to represent the complex evolution of organic
aerosols. Model sensitivity to amount of anthropogenic semi-volatile and intermediate
volatility (S/IVOC) precursor emissions is also examined by doubling the default emis-
sions. Both the emission cases significantly under-predict primary organic aerosols20

in the city center and along aircraft flight transects. Secondary organic aerosols are
predicted reasonably well along flight tracks surrounding the city, but are consistently
over-predicted downwind of the city. Also, oxygen-to-carbon ratio predictions are signif-
icantly improved compared to prior studies by adding 15% oxygen mass per generation
of oxidation; however, all modeling cases still under-predict these ratios downwind as25

compared to measurements, suggesting a need to further improve chemistry parame-
terizations of secondary organic aerosol formation.
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1 Introduction

Organic aerosol (OA) comprises a large fraction (20 to 90%) of submicron particulate
matter in the atmosphere affecting radiative climate forcing and human health (Murphy
et al., 2006; Zhang et al., 2007). Accurate representation of OA in models requires
a good understanding of processes leading to formation and removal of OA in the5

atmosphere. OA is composed of directly emitted primary organic aerosols (POA) and
photochemically produced secondary organic aerosols (SOA). POA is emitted from a
variety of sources such as fossil fuel and biomass burning.

POA has traditionally been considered as non-volatile and non-reactive in air qual-
ity models. However, recently Robinson et al. (2007) showed that instead of a static10

fixed non-volatile mass, POA is a dynamic system formed due to gas-particle mass
transfer of a multi-component mixture of semi-volatile organic species evolving as a
function of atmospheric variables such as dilution, temperature, and pre-existing OA
as predicted by absorptive partitioning theory (Shrivastava et al., 2006). Thus, the con-
ceptual model of Robinson et al. (2007) emits organic precursors which are lumped15

into 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
saturation concentrations (C∗) ranging 10−2 to 103 µg m−3 and (2) intermediate volatility
organic compounds (IVOC) with C∗ ranging 104 to 106 µg m−3. A substantial portion
of SVOC mass will partition to POA in the atmosphere, while in the absence of photo-20

chemistry, the IVOC species remain as organic vapors under most atmospheric condi-
tions. This multi-component mixture of SVOC and IVOC (S/IVOC) species is assumed
to undergo gas-phase photochemical oxidation by OH radicals resulting in formation of
successively lower volatility species, which may condense to form SOA (Robinson et
al., 2007; Shrivastava et al., 2006).25

SOA formation also occurs through gas-phase oxidation of volatile organic com-
pounds (VOCs with C∗ greater than 107 µg m−3) such as biogenic VOCs (e.g., ter-
penes and isoprene) and traditional anthropogenic VOCs (e.g., aromatics and higher
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MW alkanes and olefins) (Tsimpidi et al., 2010). However, SOA formation through
oxidation of S/IVOC precursors is thought to be more efficient as compared to VOC
precursors, as S/IVOC species have lower volatility favoring partitioning to the particle
phase after oxidation (Donahue et al., 2006). In light of this scientific understanding,
POA is more completely defined as particulate matter either directly emitted, or formed5

in the atmosphere from freshly emitted relatively reduced organic vapors due to gas-
particle partitioning, before photochemical oxidation. SOA is defined as particulate
matter formed after single to multi-generational photo-chemical oxidation of S/IVOC
precursors (“SI-SOA”) or biogenic/traditional anthropogenic VOCs (“V-SOA”) in the at-
mosphere following the terminology of Tsimpidi et al. (2010).10

Aerosol Mass Spectrometer (AMS) measurements and subsequent analysis with
Positive Matrix Factorization (PMF) classify total OA as hydrocarbon-like OA (HOA rep-
resenting fresh OA), and oxygenated OA (OOA representing OA formed after chemical
oxidation in the atmosphere) (Ulbrich et al., 2009). HOA and OOA have been shown
to be good surrogates of urban POA and total SOA, respectively, in the atmosphere15

(Zhang et al., 2007). Recent results show that SOA accounts for a large fraction of
OA burden throughout the atmosphere with its fraction of total OA increasing from ur-
ban to remote continental locations (Zhang et al., 2007). Previous “bottom up” chemi-
cal transport models based on parameterizations derived from laboratory experiments
severely under-predicted the magnitude and evolution of SOA in polluted regions (de20

Gouw et al., 2005; Goldstein and Galbally, 2007; Hallquist et al., 2009; Heald et al.,
2005; Volkamer et al., 2006), while predictions in unpolluted biogenically-dominated re-
gions do not show a similar under-prediction (Slowik et al., 2010; Tunved et al., 2006).
Recent modeling efforts have significantly increased the amount of SOA modeled in
polluted regions, bringing model predictions closer to measurements (Dzepina et al.,25

2009; Hodzic et al., 2010a). Using a box model and data from the MCMA-2003 cam-
paign, Dzepina et al. (2009) combined different modeling approaches to close the gap
between model and measurements for SOA. Dzepina et al. (2009) found that SOA re-
sulting from photochemical oxidation of S/IVOC precursors accounted for about half
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of the observed SOA mass. However, large uncertainties remain in terms of vari-
ous model parameters and other SOA formation pathways and yields. Recently some
models have been proposed which “age” semivolatiles formed in V-SOA mechanisms
by gas-phase reaction, as in e.g. Tsimpidi et al. (2010). However, Dzepina et al. (2010)
recently reported that the Tsimpidi et al. (2010) mechanism produces enough SOA5

to match the regional observations, and that a large SOA overprediction is observed
when SI-SOA is also implemented.

In addition to mass, aerosol hygroscopicity is an important parameter affecting di-
rect and indirect radiative forcing of climate. The hygroscopicity parameter κ was re-
cently shown to be directly related to elemental oxygen to carbon molar ratios of OA10

(O:C ratio) for ambient aerosols in urban, remote and forest locations (Jimenez et al.,
2009). Most of the large-scale chemical transport models are not designed to repre-
sent the O:C ratio of OA due to complexity of processes involved. Measurements of
O:C ratio with the High-Resolution Time-of-flight Aerosol Mass Spectrometer (HR-ToF-
AMS) have recently become available as an indicator of oxidation state of OA in the15

atmosphere. Only recently, attempts have been made to predict the O:C ratio of OA
(Dzepina et al., 2009; Hodzic et al., 2010a). Both studies found that the ROB (Robinson
et al., 2007) approach under-predicted the ambient O:C, while the GRI (Grieshop et al.,
2009) approach was a better fit to the observations. However the very rapid addition of
oxygen postulated in the GRI mechanism is inconsistent with known gas-phase chem-20

istry. SOA from glyoxal can also increase O:C (Dzepina et al., 2009). These knowledge
gaps suggest that even though models are getting closer to representing the mass of
SOA, they may be getting the right answers for the wrong reasons or as a result of
compensating errors from various SOA mechanisms. This calls for a continuing need
for measurements designed to constrain model representations of SOA.25

Prediction of O:C ratios also requires separate tracers for carbon and oxygen species
for both freshly emitted and oxidized organic species in the atmosphere, with each
class of organics (such as fresh, oxidized) being represented by a separate VBS of
8 or 9 volatility intervals (Hodzic et al., 2010a; Shrivastava et al., 2008). In chemical

30209

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/30205/2010/acpd-10-30205-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/30205/2010/acpd-10-30205-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 30205–30277, 2010

Modeling organic
aerosols in a

megacity

M. Shrivastava et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

transport models, advection of this large set of organic species requires more compu-
tational time than chemistry and gas-particle partitioning combined. Models running
online meteorology, such as the Weather Research and Forecasting Model coupled to
chemistry (WRF-Chem) (Grell et al., 2005), are especially susceptible to this large com-
putational burden as compared to offline representations of meteorology in chemical-5

transport models, such as CHIMERE (Hodzic et al., 2009) and CMAQ (Carlton, 2010),
because the advection time step is similar for meteorology and chemistry. An important
advantage of online models is that they permit aerosol-radiation-cloud-chemistry inter-
action processes and the associated feedback effects on meteorology to be simulated,
whereas offline models cannot study these processes.10

The objectives of this work are to: (1) implement a detailed OA mechanism in WRF-
Chem based on a 9-species VBS that includes SOA formation from S/IVOC precursors
(Robinson et al., 2007) and traditional anthropogenic/biogenic VOCs; (2) modify the
ROB mechanism in terms of oxygen added per generation of oxidation and test pre-
dictions of O:C ratios; (3) develop a highly condensed 2-species SOA mechanism and15

evaluate it in terms of performance and computational speed compared to the more
detailed VBS mechanism; and (4) evaluate the OA mechanisms using field measure-
ments of organic aerosols collected during the 2006 MILAGRO field campaign in the
vicinity of Mexico City.

We will show that it is possible to successfully develop highly condensed OA mech-20

anisms that give very similar results to the detailed VBS mechanisms and are more
suitable for real-time forecasting and climate model applications. It is also extremely im-
portant to test simplified organic aerosol mechanisms using a model configuration that
can resolve much of the temporal and spatial variations of observed organic aerosols,
before these mechanisms are routinely used in global models with coarse spatial res-25

olution that are difficult to evaluate using point measurements. The terminology used
for various classes of organic species used in this study is described in Table 1 for
reference.
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2 Model description

Version 3.1.1 of the WRF-Chem community model is used to simulate the atmospheric
conditions between 6 and 30 March 2006 over Mexico. Trace gases and aerosols are
simulated simultaneously with meteorology (Grell et al., 2005). WRF-Chem includes
several options for gas-phase chemistry and aerosols. In this study, gas-phase chem-5

istry is represented by the SAPRC-99 mechanism (Carter, 2010) and the aerosol life-
cycle processes are represented by the MOSAIC aerosol module (Zaveri et al., 2008).
Aerosol species in MOSAIC includes sulfate, nitrate, ammonium, sodium, chloride, cal-
cium, carbonate, other inorganics (i.e. dust), methanesulfonate, elemental carbon, or-
ganic matter, and aerosol water; however, until now organic matter has been treated as10

non-volatile POA. Additional details of the WRF-Chem model have been described pre-
viously (Fast et al., 2009). Here, only processes and modifications to WRF-Chem rel-
evant to simulating organic aerosol components are described in detail. The 9-species
VBS mechanism for organic aerosols implemented in WRF-Chem is described first, fol-
lowed by a discussion of the assumptions needed to develop a condensed 2-species15

mechanism.

2.1 Detailed 9-species VBS mechanism for OA

The 9-species VBS mechanism for POA and non-traditional SOA implemented in
WRF-Chem is similar to that described by Robinson et al. (2007) and Shrivastava
et al. (2008), with modifications for global non-volatile fraction and amount of oxygen20

added per generation of oxidation as described later. Previous studies have already
implemented versions of this mechanism using offline meteorological models (Hodzic
et al., 2010a; Tsimpidi et al., 2010).

The mechanism treats POA species as 9 surrogate species with C* values (at 298 K
and 1 atm) of 10−2, 10−1, 100, 101, 102, 103, 104, 105, 106 µg m−3. For each surro-25

gate species, we treat both the aerosol phase species (in 4 size bins for this study)
and the gas phase species. The bin boundaries for the size bins are 0.0391, 0.156,
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0.625, 2.50, and 10.0 µm (dry diameter). Aerosol phase species for higher volatility
(>104 µg m−3) could be neglected with little effect on OA predictions, but were included
for completeness. In future applications, aerosol species of higher volatility would be
excluded from WRF-Chem to save computational time. The POA species are segre-
gated by two emissions sectors: biomass burning and anthropogenic (predominately5

fossil fuel). To allow calculating O:C ratios for the modeled OA, separate model species
are used for the oxygen and non-oxygen (C, H, N) components of each species. This
gives the following POA species:

– POA(a)i ,e,x,n =aerosol-phase POA, where i is the volatility species (1–9), e is
either the biomass or anthropogenic emission sector, x is either the oxygen or10

non-oxygen component, and n is the size bin (1–4).

– POA(g)i ,e,x = corresponding gas-phase POA species.

Partitioning between the gas and aerosol phase species is calculated using absorp-
tive partitioning theory assuming thermodynamic equilibrium approach as described
by Donahue et al. (2006).15

The O:C ratio of bulk particulate OA evolves as a function of emissions of fresh pri-
mary organic material, oxidation of organic vapors with addition of oxygen mass after
each generation of oxidation (Robinson et al., 2007), gas-particle partitioning varying
with ambient factors such as temperature, dilution and OA concentrations, and removal
rates of OA and gas-phase semi-volatiles due to dry and wet deposition. An OM/OC20

(organic mass to organic carbon ratio) of 1.57 and 1.25 for biomass burning and an-
thropogenic emissions respectively is assumed, converting OM emission rates to OC.
Elemental O:C ratios of 0.3 and 0.06 are assumed for fresh biomass burning and an-
thropogenic emissions for calculating the oxygen fraction of each species. In addition,
non-oxygen (carbon, hydrogen and nitrogen) to carbon ratio of 1.17 was assumed for25

all species. These assumptions are consistent with PMF analysis of ambient AMS
data by Aiken et al. (2008) in Mexico City. The sum of oxygen and non-oxygen parts
for each species equals total OM input to WRF-Chem, thus all OM mass is accounted
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for in the gas-particle partitioning calculations. The gas-phase POA species react with
OH to produce more-oxygenated and lower-volatility SI-SOA species, as described
in Sect. 2.1.2.2. These SI-SOA species are represented in the mechanism by SI-
SOA(a)i ,e,x,n and SI-SOA(g)i ,e,x, for i = 1,8 representing 8 oxidized volatility species
as described by Shrivastava et al. (2008).5

In addition to the 9-species VBS mechanism for POA and non-traditional SOA, we
include a 4-species VBS treatment of traditional SOA (referred to as V-SOA) produced
by oxidation of biogenic and traditional anthropogenic VOCs. V-SOA C∗ ranges from 1
to 104 µg m−3. We segregate the V-SOA species by the parent-VOC emissions sector
(biogenic and traditional anthropogenic). This gives the following V-SOA species:10

V-SOA(a)i ,e,n =aerosol-phase V-SOA, where i is the volatility species (1–4), e is
either the biogenic or traditional anthropogenic emission sector, and n is the size bin
(1–4).

– V-SOA(g)i ,e = corresponding gas-phase V-SOA species.

The mechanism does not treat further oxidation of the V-SOA gas-phase species, so15

separate model species for oxygen and non-oxygen component are not required for
calculating O:C ratios. Instead, we assume a fixed OM:OC (mass) ratio of 1.90 and
O:C (elemental) ratio of 0.4 for V-SOA (Aiken et al., 2008).

Overall, there are 180 POA species (36 gas, 144 aerosol), 160 SI-SOA species (32
gas, 128 aerosol), and 40 V-SOA species (8 gas, 32 aerosol) in the mechanism. The20

total SOA formed at any time within the modeling domain is the sum of SI-SOA and
V-SOA after gas-particle partitioning calculations.

2.1.1 Emissions

An updated anthropogenic emissions inventory is used for MILAGRO 2006 from the
work of Song et al. (2010). The anthropogenic emissions inventory includes traffic25

emissions and municipal trash burning. Municipal trash burning emissions are esti-
mated to be comparable in magnitude to traffic emissions, but most of the trash burning
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sources are located outside the city. Also, municipal trash burning is expected to have
similar OA spectra as fresh vehicular emissions dominated by hydrocarbon-like OA
(HOA) with also some similarities with BBOA (Mohr et al., 2009); hence organic OA
emissions from these sources are lumped together. BBOA represents primary biomass
burning OA emissions.5

Biomass burning estimates are derived from satellite remote sensing data. Emis-
sions of gases and particles from open burning were calculated using the Fire inventory
from NCAR version 1. This method is based on the estimation framework described
by Wiedinmyer et al. (2006). Fire counts (MODIS Data Processing System, MODAPS)
were provided by the University of Maryland (Giglio et al., 2003; MODIS Rapid Re-10

sponse Project). Land cover was determined with the MODIS Land Cover Type product
(Friedl et al., 2010) and fuel loadings from Hoezelman et al. (2004). Emission factors
were taken from multiple sources (Andreae and Merlet , 2001; M. O. Andreae, personal
communications, 2008). The non-methane organic compounds were speciated to the
SAPRC-99 mechanism based on species-specific emission factors and the ecosystem15

type in which the fire burned.
Representation of biomass burning within models is uncertain due to errors arising

from calculations of plume rise, horizontal mixing of point sources and also due to the
fact that several small fires may not be captured by remote sensing data (Fast et al.,
2009). SVOC and IVOC emissions corresponding to both anthropogenic and biomass20

burning emissions are derived as follows:
Total SVOC emissions (organic vapors with C∗ of 0.01–104 µg m−3) are estimated

as 3 times POA emissions for both anthropogenic and biomass burning emissions in
Mexico City following Hodzic et al. (2010a) and Tsimpidi et al. (2010). This estimate is
uncertain due to the fact that it is unclear what portion of SVOCs is represented by tra-25

ditional POA emission inventory, and also that POA emission inventory itself is uncer-
tain. The total SVOC emissions are then distributed among different volatility species
with C∗ ranging 0.01–104 µg m−3 using the mass fractions suggested by Robinson et
al. (2007) with one modification. Recently, Cappa and Jimenez (2010) found that a
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significant fraction of OA emissions in Mexico City was globally non-volatile i.e. it would
remain in particle phase under all ambient conditions. Using the default volatility distri-
bution from Robinson et al. (2007) in the CHIMERE model, Hodzic et al. (2010a) found
that POA was too volatile downwind of Mexico City. In this work, using the globally
non-volatile fraction suggested by Cappa and Jimenez (2010), 9% of SVOC emissions5

from biomass burning and 22% of SVOC emissions from anthropogenic sources are
represented by the lowest volatility species with C∗ of 0.01 µg m−3 thus rendering this
fraction to be non-volatile under all relevant ambient conditions in and around Mexico
City. It should be noted that this assumption did not change the volatility distribution
for biomass burning emissions used by Hodzic et al. (2010a). Hodzic et al. (2010a)10

applied 3% fraction to 3 times POA emissions, which is equal to 9% fraction used for
biomass carbon as shown in Table 2 in this work. Also, the volatility distribution for
anthropogenic carbon used in this work is similar to biomass carbon, except the use
of 23% emissions for the species with the C∗ of 0.01 µg m−3. The IVOC emissions
(organic vapors with C∗ of 104–106 µg m−3 as shown in Table 1) are estimated as 1.515

times SVOC emissions (4.5 times traditional POA emissions) for both biomass burning
and anthropogenic emission sources consistent with Robinson et al. (2007). Thus, the
sum of all SVOC and IVOC precursors in the inventory is 7.5 times the mass of tra-
ditional POA emissions inventory. Addition of this large pool of S/IVOC precursors to
the inventory is supported by an observed gap between measured OH reactivity and20

calculated OH reactivity based on known VOC precursors in Mexico City (Dzepina et
al., 2009). Table 2 shows the mass factors (fi ) used to calculate S/IVOC emissions
from POA emissions (converted to OC) in each category. The distributions for biomass
and anthropogenic emissions differ due to assumption of global non-volatile fraction.
These are further classified as oxygen and non-oxygen parts using respective factors25

as described in Sect. 2.1.
The MEGAN (Model of Emissions of Gases and Aerosols from Nature, http://bai.

acd.ucar.edu) model (Guenther et al., 2006) is used to generate biogenic emissions
in the modeling domain within and around Mexico City. The 138 biogenic species
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from MEGAN are lumped into 3 biogenic VOC classes: isoprene (ISOP), terpenes
(TERP) and sesquiterpenes (SESQ). In addition, anthropogenic VOC emissions in-
cluding lumped classes corresponding to alkanes (ALK4 and ALK5), olefins (OLE1 and
OLE2), and aromatics (ARO1 and ARO2) are included in the inventory corresponding
to the SAPRC-99 mechanism, as described by Tsimpidi et al. (2010). Isoprene and5

terpene emissions calculated by the NEI emissions inventory for Mexico domain are re-
moved to avoid double counting of biogenic emissions (already calculated by MEGAN
model within the domain). This also removes the anthropogenic isoprene emissions
within the modeling domain. Hodzic et al. (2009) showed that anthropogenic isoprene
emissions were much larger (up to a factor of 5 higher) than biogenic isoprene emis-10

sions at the T0 site within Mexico City. But Hodzic et al. (2009) also pointed out that
largest contribution to biogenic SOA within Mexico City basin was due to regional iso-
prene (>60%) produced upwind on the coastal areas and advected into the city.

2.1.2 Gas phase chemistry

All gas-phase chemistry equations leading to ozone and SOA formation are included15

within the Kinetic Pre-Processor (KPP) in WRF-Chem (Damian et al., 2002). The
SAPRC-99 mechanism includes 211 reactions of 56 gases and 18 free 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 burning SI-
SOA, respectively), and SOA formed due to oxidation of VOC precursors from tradi-20

tional anthropogenic and biogenic emissions (A-V-SOA and B-V-SOA, respectively).
The detailed treatment of OA has been fully integrated with the inorganic MOSAIC
aerosol module in WRF-Chem, thus constituting a state-of-the-art representation of
processes leading to organic and inorganic aerosol formation in the atmosphere. This
detailed modeling approach in WRF-Chem is necessary to understand the suite of25

complex physical and chemical interactions between biogenic SOA formation, anthro-
pogenic OA and inorganic species.
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2.1.2.1 SI-SOA formation

Observations suggest continued SOA production as pollutants leave the Mexico City
basin during low biomass burning periods (DeCarlo et al., 2008; Kleinman et al., 2008).
Thus, multi-generational SOA chemistry is supported by ambient observations. SI-
SOA formation from multi-generational gas-phase oxidation of S/IVOC precursors are5

calculated using oxidation parameters proposed by Robinson et al. (2007) with one
modification. The mass of parent SVOC or IVOC species is assumed to increase
by 15% for each generation of oxidation to account for added oxygen mass or func-
tionalization. This is equivalent to assuming that 2 atoms of oxygen are added to
an equivalent C15 H32 precursor per generation of oxidation. In comparison, Robin-10

son et al. (2007) assumed an addition of 7.5% mass due to added oxygen. The ox-
idation mechanism proposed by Robinson et al. (2007) was not designed to predict
the oxidation state of OA in the atmosphere. Use of 7.5% added oxygen mass has
been shown to severely under-predict the O:C ratios in the atmosphere (Hodzic et al.,
2010a). Jimenez et al. (2009) suggested that 1 to 3 oxygen atoms could be added15

per generation of oxidation. Grieshop et al. (2009) used 40% increase in mass due
to addition of oxygen per generation of oxidation for wood smoke. Thus, the addition
of 2 oxygen atoms is a fairly conservative assumption improving O:C ratio predictions
as compared to 1 oxygen atom added by Robinson et al. (2007). An OH reaction rate
constant of 4×10−11 cm3 molecule−1 s−1 is assumed for all SVOC and IVOC species.20

The equations governing oxidation of S/IVOC precursors are written within the KPP
module of WRF-Chem as follows:

POA(g)i ,e,c+OH→SI−SOA(g)i−1,e,c+0.15SI−SOA(g)i−1,e,o (1)

POA(g)i ,e,o+OH→SI−SOA(g)i−1,e,o+OH (2)

SI−SOA(g)i ,e,c+ OH→SI−SOA(g)i−1,e,c+0.15SI−SOA(g)i−1,e,o (3)25

SI−SOA(g)i ,e,o+OH→SI−SOA(g)i−1,e,o+OH (4)
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where i denotes any given volatility species except the lowest volatility, i −1 denotes
the species with C∗ equal to i /10, e denotes the source type, and subscripts c and o
represent the non-oxygen and oxygen parts respectively of given species. As shown by
Eqs. (1) and (3), oxidation of non-oxygen part of SI-SOA precursor i results in formation
of non-oxygen and oxygen parts (15% by mass for 2 oxygen atoms added) of SI-SOA5

with successive lower volatility i −1. Since molecular weights of all VBS species are
assumed as 250 g mole−1 mass yields are same as molar yields, so 0.15 is used as
oxygen yield per oxidation step within KPP. Equations (2) and (4) depict movement of
oxygen part of each precursor to lower volatility. Thus at any time, both non-oxygen
and oxygen parts of any given species move to successively lower volatility species10

due to oxidation, satisfying mass conservation. The lowest volatility species (C∗ equal
to 0.01 µg m−3), was assumed to be non-reactive, neglecting fragmentation reactions,
following Robinson et al. (2007). In Eqs. (2) and (4), OH was added to both sides of the
equations to make sure that OH loss is not double counted by oxidation of non-oxygen
and oxygen parts of the same species.15

2.1.2.2 V-SOA formation

SOA formation from biogenic and traditional anthropogenic VOCs (V-SOA) is repre-
sented using fixed yields of these species using a 4-product VBS following Tsimpidi
et al. (2010). For alkane and olefin species mass yields are similar to Tsimpidi et
al. (2010). For aromatic species yields from Hildebrandt et al. (2009) are implemented.20

Aging of VOCs in the gas-phase could be represented by the following equation:

VOC(g)i +OH→
n∑

i=1

aiV−SOA(g)i−1 (5)

ai =ai ,highB+ai ,low(1−B) (6)

where i is the volatility species, ai is the overall NOx dependent molar yield calculated
from Eq. (6), ai ,high and ai ,low are the molar yields under high and low NOx conditions25
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respectively, B is the NOx branching ratio as defined by Lane et al. (2008), and V-
SOA(g)i is the gas phase V-SOA precursor concentration. The reaction rates of various
VOC species with the OH radicals in Eq. (5) are already present within the SAPRC-99
mechanism, as a part of gas-phase chemistry.

Formation of V-SOA(a)i is represented by gas-particle partitioning of V-SOA(g)i de-5

fined by absorptive partitioning theory as discussed by Donahue et al. (2006). How-
ever, in contrast to Tsimpidi et al. (2010) “no further aging” of the V-SOA(g)i species
is implemented in WRF-Chem as including it leads to larger regional over-prediction
of SOA (Dzepina et al., 2010). Aging parameterizations based on smog chamber
measurements are very uncertain as they try to predict SOA formation over longer10

time-scales (photochemical ages) than so far have been accessible in chambers (Ng
et al., 2010). Smog chamber measurements need to be carried out to much longer
time-scales (over several days) and OH exposures to quantify and parameterize multi-
generational V-SOA formation from both biogenic and traditional anthropogenic pre-
cursors.15

In this work, V-SOA yields are NOx dependent as described by Tsimpidi et al. (2010).
Table 3 lists mass yields of various V-SOA precursors represented by the 4-product
VBS species V-SOA(g)i . Molar yields are required as the SAPRC-99 mechanism lists
equations and reaction rates in molecular units within the Kinetic Pre-Processor (KPP)
in WRF-Chem. Mass yields listed in Table 2 are converted to molar yields by multi-20

plying them with the ratio of molecular weights of V-SOA(g)i species (assumed to be
250 g mole−1) and the corresponding VOC(g) precursors taken from the CAMx User’s
guide for SAPRC 1999 mechanism (CAMx vs. 5.10 User’s guide, 2009). The assumed
enthalpy of vaporization ∆Hvap for the V-SOA(g)i species are equal to respective volatil-
ity in Table 1.25

2.2 Condensed 2-species OA mechanism

As discussed earlier, the addition of a large number of species represents a huge com-
putational burden in terms of advection alone. Development of a condensed 2-species
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mechanism is attractive for computational efficiency in large-scale global simulations.
In this section, assumptions and parameterizations for development of the condensed
2-species mechanism within WRF-Chem are discussed.

The condensed mechanism represents POA by two volatility species with C∗ values
(at 298 K and 1 atm) of 10−2 and 105 µg m−3, respectively. Separate POA species are5

used to represent the two emissions sectors and the oxygen and non-oxygen (C, H, N)
components of each species as described in Sect. 2.1 above. This gives the following:

– POA(a)i ,e,x,n =aerosol-phase POA, where i is the volatility species, e is either the
biomass or anthropogenic emission sector, x is either the oxygen or non-oxygen
component, and n is the size bin (1–4) as described in Sect. 2.1.10

– POA(g)i ,e,x = corresponding gas-phase POA species.

The gas-phase POA(g)i=2,e,x species (C∗ of 105 µg m−3) reacts with OH to produce
SI-SOA(a)i=1,e,x,n and SI-SOA(g)i=1,e,x(C∗ of 10−2 µg m−3). Note that both POA(a) and
SI-SOA(a) in the condensed mechanism would remain in the aerosol phase under most
atmospheric conditions due to low volatility.15

In addition to the 2-species VBS mechanism for POA and non-traditional SI-SOA,
we include a 1-species treatment of traditional SOA (referred to as V-SOA) produced
by oxidation of biogenic and traditional anthropogenic VOCs. V-SOA C∗ is assumed
to be equal to 1 µg m−3 corresponding to the lowest volatility species in Sect. 2.1.2.2.
We segregate the V-SOA species by the parent-VOC emissions sector (biogenic and20

traditional anthropogenic) giving V-SOA(a)i=1,e,n and V-SOA(g)i=1,e as described in
Sect. 2.1.2.2.

In the condensed mechanism, there are 40 POA species (8 gas, 32 aerosol), 20
SI-SOA species (4 gas, 16 aerosol), and 10 V-SOA species (2 gas, 8 aerosol) in the
mechanism.25
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2.2.1 S/IVOC emissions

The condensed 2-species approach represents POA and SOA as the first volatility
species with C∗ of 10−2 µg m−3. This approach assumes that both POA and SOA in the
model are non-volatile under most atmospherically relevant conditions. POA emissions
are assumed to be 1/3rd of SVOC emissions in the 9-species VBS approach discussed5

in Sect. 2.1.1, allowing 2/3rd of SVOC emissions to have already evaporated relative to
9-species VBS approach, thus implicitly accounting for gas-particle partitioning. IVOC
emissions (equal to 6.5 times POA) and 2/3rd of SVOC emissions are represented as
the 2nd IVOC species with of C∗ of 105 µg m−3. The 2nd species represents all gas
phase S/IVOC emissions within the modeling domain. Hence C∗ for this species is10

chosen to be in the IVOC range to ensure all material remains in the gas phase under
most atmospheric conditions. The total SVOC and IVOC emissions in the 2-species
VBS approach are equal to the 9-species VBS. Table 4 shows the factors (fi ) used
to calculate S/IVOC emissions from POA. As discussed earlier POA emissions are di-
vided by 1.57 and 1.25 for biomass burning and anthropogenic emissions, respectively,15

to convert OM to OC prior to application of factors fi in Table 3. The enthalpy of va-
porization ∆Hvap is assumed to be 83 kJ mol−1 as in Pye and Seinfield (2010), but the
model is not very sensitive to ∆Hvap for the two volatility species used in the condensed
mechanism as the material represented by either species is firmly in one phase and
far from the region where substantial fractions are in both phases.20

The SAPRC-99 gas-phase chemistry leading to ozone formation in condensed 2-
species VBS is exactly the same as detailed 9-species VBS. However, reactions and
SOA yield leading to SI-SOA and V-SOA formation are different and are discussed in
the following section.
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2.2.2 SOA formation

2.2.2.1 SI-SOA

SI-SOA is formed by gas-phase oxidation of S/IVOC vapors represented the 2nd volatil-
ity species (Csat of 105 µg m−3), with each generation of oxidation moving material to
the 1st volatility species, thus representing 7 orders of magnitude reduction in volatil-5

ity. Also, the reaction rate with OH radical is reduced by a factor of 7 as compared to
9-species VBS approach (OH reaction rate of 0.57×10−11 molecule cm−3 s−1). An ad-
dition of 50% oxygen mass is also assumed for the one generation of oxidation (instead
of 15% in the 9-species VBS approach) following the discussions by Pye and Seinfield
(2010).10

Equations (1)–(4) are repeated within KPP for the 2-species VBS approach, but
these equations are only written once resulting in oxidation of S/IVOC of species 2 on
the left hand side to form SI-SOA represented by species 1 on the right hand side. The
large addition of oxygen and reduction of volatility in one oxidation step is not meant to
represent a physical process, but rather to parameterize the average effect of the more15

complex real processes, as the 7 times slower OH reaction rate makes up for the large
changes, bringing predictions of SI-SOA in the 2-species VBS closer to 9-species VBS
as shown later.

2.2.2.2 V-SOA

V-SOA formation is represented using fixed 1-product yields of these species. In the20

4-product basis set for V-SOA as described by Tsimpidi et al. (2010), the lowest volatil-
ity species has a C∗ of 1 µg m−3. For consistency, the volatility of 1-product V-SOA
is assumed to have a C∗ of 1 µg m−3 at 298 K. The NOx dependent 1-product mass
yields for traditional anthropogenic and biogenic V-SOA precursors are given in Ta-
ble 5. The SOA yields for alkane and olefin species are chosen to be equal to the25

yields corresponding to species with C∗ of 1 µg m−3 in the 4-product VBS from Tsimpidi
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et al. (2010). Yields for ARO1 and ARO2 are assumed to be equal to toluene and
m-xylene SOA yields respectively following Ng et al. (2007b). These yields are chosen
to be higher than respective ARO1 and ARO2 yields corresponding to C∗ of 1 µg m−3

in Table 3. Yields for TERP and SESQ species are assumed to be equal to α-pinene
and aromadendrene respectively (Ng et al., 2007a). All yields are chosen at lowest5

∆M0 values measured during the experiments to ensure atmospherically relevant con-
ditions. The traditional A-V-SOA and B-V-SOA predicted from the 4-species formulation
shown in Table 3 were found to be similar to the 1-species formulation shown in Table 5.
Also B-V-SOA predicted by both formulations (Tables 3 and 5) is found to be factor of 5
lower as compared to the previous study by Hodzic et al. (2009) as shown later, mainly10

due to lower biogenic emissions in this work.

2.3 Dry and wet deposition

Dry deposition for all gas-phase SOA precursor species is calculated using the resis-
tance model of Wesley (1989) assuming a Henry’s law constant of 2700 M atm−1 which
is used for species such as cresol and condensable organic gases as documented in15

CAMx user’s guide (Environ, 2009). Dry deposition of OA is treated within MOSAIC
similar to inorganic aerosols. Wet deposition is neglected in present work. Cloud-
aerosol interactions, including wet removal, for all aerosols are not accounted for be-
cause the first two weeks of the MILAGRO campaign were mostly cloud free (Fast et
al., 2007). Periods of afternoon convection and scattered precipitation did occur during20

the last week of the field campaign, but previous simulations using WRF-Chem by Fast
et al. (2009) found that the amount of aerosols removed by the wet deposition during
that period was relatively small. Also, the computational burden of handling the cloud
processes would be unnecessarily excessive.
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2.4 Modeling runs

A nested grid configuration with an outer grid using 12×12 km2 grid spacing and an
inner grid using 3×3 km2 grid spacing is used to model the Mexico City region. For
both detailed and condensed mechanisms, all OA species including freshly emitted
POA and SOA are assumed to form an ideal solution. The total OA within the modeling5

domain is calculated as the sum of POA, SOA, and a small amount (0.1–0.3 µg m−3)
of background OA coming from boundary conditions obtained from MOZART global
simulations of trace gases and aerosols (Emmons et al., 2010). Initial and boundary
condition for all newly added VBS OA species is assumed to be zero. Three model-
ing cases were carried out. The 9-species VBS was run for two anthropogenic S/IVOC10

emissions cases: (1) default emissions from 2006 inventory, (2) twice the amount of de-
fault S/IVOC emissions as compared to (1). S/IVOC emissions from biomass burning
are assumed to be identical in both cases. The reasoning behind these runs is that de-
fault emissions from (1) using the 2006 MCMA inventory significantly under-predicted
HOA as compared to AMS measurements. Using twice the amount of S/IVOC emis-15

sions allows us to study the sensitivity of HOA and SOA to anthropogenic emissions. In
the third model Case, the condensed 2-species VBS mechanism was run with S/IVOC
emissions equal to Case (2) above. Thus comparison of Cases (2) and (3) enables
us to evaluate the condensed mechanism against the detailed 9-species VBS mecha-
nism. The condensed mechanism predicts the same information as the 9-species VBS20

including source-resolved POA and SOA mass concentrations, and evolution of O:C
ratios using the 4-species sectional representation for aerosols.

For comparison with measurements, model predictions are spatially and temporally
interpolated to the location of the measurement for both aircraft flights and ground
site data using the Aerosol Modeling Testbed Toolkit developed for WRF (Fast, 2011).25

Ground measurements are compared with the lowest level in the model (∆z ∼ 25 m).
Comparisons between measurements and model predictions are done at local ambient
conditions of pressure and temperature for both ground sites and aircraft flights. Also,
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all WRF-Chem results are extracted for the inner grid using 3×3 km2 grid spacing.
Spatial maps shown in the present study (for e.g. Fig. 1) represent the part of modeling
domain where the nested grid configuration was used. The larger 12×12 km2 grid
spacing modeling domain is shown in previous studies e.g. Fast et al. (2007).

2.4.1 Enhancement ratios with respect to CO5

OA concentrations in the atmosphere evolve with changing boundary layer height,
emissions and chemistry. On regional timescales, CO is a relatively inert tracer for
dilution due to changes in boundary layer height and transport. To account for effects
of dilution and transport, most of the model-measurement comparisons for OA in this
work are discussed in terms of corresponding enhancement ratios with respect to CO.10

Measured and simulated values of OA components are normalized with respect to cor-
responding ∆CO (CO-CObackground) values. Fast et al. (2009) showed that simulated
CO from WRF-Chem compared reasonably well with surface and aircraft observations.
Background CO values of 50 ppb are assumed in this study. A previous study looked at
uncertainty introduced by use of background CO values ranging 50–150 ppb (de Gouw15

et al., 2009). In the present study, a lower background CO is used (as compared to
100 ppb in other studies) to increase the number of non-negative ∆CO normalized OA
concentrations during flight tracks. Since both measurements and model are normal-
ized in a similar way, choice of a given background CO concentration does not affect
the main conclusions in this paper.20

3 Results and discussions

In this section, highly time-resolved AMS measurements at two surface sites (T0 and
T1) and several aircraft flights (8 G-1 flight tracks and 2 C-130 flight tracks) are used
to examine model performance within and around Mexico City. Predicted organic
aerosols are evaluated with respect to both total OA and components of OA derived25

from PMF analysis: HOA, OOA and BBOA.
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3.1 Spatial distributions of SOA

Figure 1 shows spatial distributions of 24-day average total SOA surface concentrations
during 6–30 March 2006, as predicted by the three modeling cases. SOA predictions
from 9-species VBS and condensed 2-species VBS cases (Cases 2 and 3) are very
similar throughout the modeling domain. In comparison, Case 1 with half the anthro-5

pogenic S/IVOC emissions predicts lower SOA formation as expected, due to smaller
amounts of S/IVOC precursors as compared to the other two cases.

Figure 2 shows the 24-day average contributions of various SOA components as a
percentage of TOTOA for Case 2. As shown in Fig. 2a, A-SI-SOA contributes 20–30%
to TOTOA at T0 site located within Mexico City. As the S/IVOC precursors move down-10

wind and undergo multiple generations of oxidation chemistry, A-SI-SOA is dominant
and contributes 50–70% to TOTOA. BB-SI-SOA forms the second major component
contributing 10–30% to TOTOA as shown in Fig. 2b. The upper-right corner of Fig. 2b
shows dominant BB-SI-SOA contribution in a part of Gulf of Mexico, but 24-day average
absolute concentrations of BB-SI-SOA ranged 0.6–0.8 µg m−3 in that region, and were15

less than 1 µg m−3 over the entire Gulf of Mexico. In comparison, higher BB-SI-SOA
concentrations ranging 1.7–2.0 µg m−3 are observed over land and areas surrounding
Mexico City (at T0 and T1 sites not shown here). Figure 2c and 2d shows that both
traditional SOA components (B-V-SOA and A-V-SOA) contribute a much lower fraction
(2–5%) to total OA. B-V-SOA is higher in areas where biogenic emissions are higher,20

whereas A-V-SOA is highest within the city and decreases downwind. B-V-SOA pre-
dictions in this work are a factor of 5 lower at T0 and T1 sites as compared to previous
estimates by Hodzic et al. (2009) using CHIMERE model, and SOA-tracer based esti-
mates by Stone et al. (2010). The low B-V-SOA predictions are chiefly due to factor of 5
lower isoprene emissions in WRF-Chem compared to CHIMERE model, as discussed25

earlier. The decrease in A-V-SOA is in contrast to the increase in A-SI-SOA downwind
from Mexico City. This decrease is due to the fact that in the present formulation, A-V-
SOA is formed only by first generation products of V-SOA precursors emitted close to
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the city, while A-SI-SOA formation continues downwind due to multiple generations of
chemistry.

3.2 Evaluation of OA components at T0 site

The T0 site is situated within the center of Mexico City, representing an area dominated
by urban emissions. In WRF-Chem oxidation by OH radicals leads to SOA formation,5

so accurate representation of OH radical concentrations is necessary. As shown in the
supporting information Fig. S1, WRF-Chem under-predicts OH concentration peak at
day-time by a factor of 2 as compared to observations at the T0 site (Dusanter et al.,
2009), but reproduces the timing of the OH peak. Also, WRF-Chem predicts near-zero
OH concentrations during night-time, while measurements show higher concentrations10

but effects of low OH concentrations observed during night-time (order of magnitude
lower than day-time) on SOA formation is expected to be small.

CO measurements are not available at T0 site; however, CO measurements from a
nearby operational monitoring site are used to normalize observed OA values. Model∑

POA(a)i ,antrhopogenic,x,n is compared to PMF HOA factor,
∑

SI-SOA(a)i ,e,x,n +
∑

V-15

SOA(a)i ,e,x,n is compared to PMF OOA,
∑

POA(a)i ,biomass−burning,x,n is compared to
PMF BBOA, and total simulated PM2.5 OA is compared to measured total OA from
PMF. Figure 3 compares observed and simulated enhancement ratios of HOA and
OOA with respect to ∆CO at the T0 site.

3.2.1 HOA20

Models reproduce observed diurnal variations of HOA/∆CO peaking in the early morn-
ing rush hour period due to traffic emissions as shown in Fig. 3a. However, all 3
modeling cases under-predict the observed peaks in HOA enhancement ratios rela-
tive to CO. Figure 3c shows that on an average across all days, the default emissions
(Case 1) under-predicts morning HOA peak by a factor of 3, implying problems with the25

2006 emissions inventory. Case 2 (9-species VBS) and Case 3 (2-species VBS) with
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twice the anthropogenic S/IVOC emissions better represent traffic emissions. HOA
peak from 9-species VBS are 20–25% higher than 2-species VBS during early morn-
ing. The difference is related to the volatility distribution of SVOC emissions, as the
9-species VBS allows dynamic gas-particle partitioning using a globally non-volatile
fraction of 22% as described earlier, while the 2-species VBS assumes that a constant5

fraction (one-third) of the SVOC emissions are HOA at all times. For example, if the
total SVOC+IVOC concentration is 75 µg m−3 at 20 ◦C, then volatility distribution from
Cases 2 and 3 predicts POA concentrations of 8.6 and 10 µg m−3, respectively. It is
also interesting to note that while HOA/∆CO peaks early close to 05:00 LT as shown in
Fig. 3c, absolute HOA surface concentration peaks later in the morning at 07:00 LT as10

shown in Fig. 4c. The difference in timing of the two peaks is related to diurnal variation
of CO concentrations.

3.2.2 OOA

Figure 3b shows that after 18 March, OOA enhancement ratios are under-predicted
by all modeling cases. The average diurnal plot in Fig. 3d shows that all model cases15

reproduce the two observed peaks in OOA enhancement ratios. The early morning
peak close to 04:00 local time is rather unexpected since photochemistry is not ac-
tive to cause SOA production. Model peaks do not result from night-time chemistry
with O3 or NO3 radicals, since night-time chemistry leading to SOA formation is not
represented in WRF-Chem. The early morning peak in OOA/∆CO in both PMF and20

WRF-Chem predictions shown in Fig. 3d is not due to formation of fresh SOA within the
boundary layer. Also, Fig. 4d shows that total column burden of predicted SOA at the
T0 site decreases during night-time till 08:00 LT as discussed in the following section.
This morning peak is caused due to relatively sharper drop in ∆CO during this time.
Interpretation of night-time CO data is more complicated as errors are amplified by25

shallow boundary layer during night, and mixing of residual layer above the boundary
layer makes ∆CO normalized OA values more uncertain during night as compared to
day-time.
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Absolute values of surface SOA concentrations predicted by WRF-Chem (shown in
Fig. 4c) are constant throughout the day due to compensating effects of dilution by
growth of boundary layer and photochemistry as day progresses. When OOA is nor-
malized to ∆CO to account for effects of dilution as shown in Fig. 3d, the afternoon
peak due to photochemical SOA production is easily seen. PMF OOA peaks later in5

the afternoon with twice the magnitude of the early morning peak, which is not cap-
tured by Case 2, consistent with the underprediction of SOA/∆CO in Fig. 3d. The
timing of this peak is reproduced by the 3 modeling cases. Among the 3 modeling
cases, the 2-species VBS (Case 3) is closest to PMF OOA, predicting two times higher
afternoon peak as compared to morning. The differences between 9-species and 2-10

species VBS are due to volatility distribution of SOA, as the 2-species VBS causes
all SOA formed to be almost non-volatile at ambient conditions (C∗ of 10−2 µg m−3),
while the 9-species VBS allows evaporation of SOA with dilution as the boundary layer
grows. The default emission (Case 1) under-predicts the afternoon OOA peak by a fac-
tor of 2, implying that SOA precursor emissions are under-represented in the default15

inventory. Another possibility might be that chemistry is not adequately represented;
however, both Case 2 and Case 3 show closer predictions with the same chemistry,
and also SOA enhancement ratios are over-predicted downwind by all three cases as
seen by aircraft flights discussed later. Hence within the existing modeling framework,
the under-predictions of HOA and OOA using default emissions (Case 1) seems to be a20

result of lower emissions rather than chemistry. Dzepina et al. (2009) in a box modeling
study derived HOA and S/IVOC from observations, rather than the emissions inventory,
and observed better closure between modeled SOA and OOA observations. Aiken et
al. (2009) concluded that total primary PM (not the same as POA) was underestimated
by about a factor of 4 with respect to the 2006 emissions inventory, therefore it is possi-25

ble that an underestimation of urban POA emissions remains in Case 2, leading to the
observed discrepancy. Also, the 2006 biomass burning emissions inventory for Mex-
ico City under-predicts BBOA as compared to PMF BBOA (not shown). Missing SOA
from biomass burning precursors may also be responsible for model-measurement
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differences in OOA, although the BBOA under-prediction is stronger during the early
morning (not shown), and the low levels of the biomass burning tracer acetonitrile at
T0 during afternoons (Aiken et al., 2010) make this possibility less likely.

3.2.3 Vertical profile, surface concentration and column burden

In addition to surface concentrations, it is also useful to look at vertical concentration5

profile and total column integrated burden of various OA components. Surface concen-
trations of pollutants are monitored for their health impacts, while vertical concentration
profile and total column burden is important for climate effects.

Figure 4a shows the vertical distribution of HOA, SOA, BBOA and TOTOA concentra-
tions, while Fig. 4b shows ratio of OA components to TOTOA with height above ground10

level (a.g.l.) at the T0 site. HOA concentrations are maximum at the surface (48%
of TOTOA as shown in Fig. 4b) and decrease with increasing a.g.l. SOA concentra-
tion is comparable to HOA at the surface, but decreases much slower as compared to
HOA at higher levels. Figure 4b shows that ratio of SOA/TOTOA increases from 0.5
near the surface to 0.75 at 1–4 km a.g.l. height. Continued photochemical oxidation of15

SOA precursors in the atmosphere causes SOA to be dominant component of TOTOA
above the surface even at highly urbanized T0 site as shown in Fig. 4b. Thus model
predictions imply that SOA is the most important component of OA in the atmosphere
affecting both human health and climate. The ubiquity and dominance of SOA in the at-
mosphere is also implied by PMF analysis of AMS measurements (Zhang et al., 2007).20

The fractional importance of BBOA increases with height from 4% near the surface to
12% at 3 km a.g.l. as shown in Fig. 4b. The vertical distribution of BBOA emissions
in WRF-Chem is based on the fire emission locations in the hills and mountains sur-
rounding Mexico City, as well as mixing of smoke in the boundary layer before it is
transported into Mexico City. Previous aircraft measurements have also seen increas-25

ing BBOA with height in Mexico City (Aiken et al., 2010; Crounse et al., 2009).
Figure 4d shows diurnal variation of total column integrated burden (mg m−2) of OA

components in the atmosphere. Solid lines in the figure represent results from Case 2
30230
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in present study, while dashed lines represent estimations from previous work by Aiken
et al. (2010). The SOA burden decreases during night-time, but increases due to pho-
tochemistry in the day peaking at 16:00–17:00 LT. The magnitude and timing of daytime
peak in SOA burden is comparable to the previous estimates by Aiken et al. (2010),
which calculated the column burdens by multiplying surface concentrations with bound-5

ary layer depths assuming constant concentration across depth of boundary layer.
Aiken et al. (2010) neglected species present above boundary layer in the morning.
In the present study, column burden is calculated by integrating vertical concentration
profile of OA components adding species present within and above the boundary layer
till the top of modeling domain as predicted by WRF-Chem. SOA estimated by Aiken et10

al. (2010) in the night-time and early morning till 08:00 LT are factor of 4–9 lower than
present study as shown in Fig. 4d. There is good agreement for the middle of the day
when the convective boundary layer is deep, but the column burden is strongly under-
estimated using the method of Aiken et al. (2010) in the nighttime and early morning
when the boundary layer is shallow, when there may be substantial OA in the residual15

layer above the boundary layer.
It is also instructive to compare diurnal variations of total column burden vs. surface

concentration of various OA components as shown in Fig. 4c and d. Surface concentra-
tion shown in Fig. 4c changes due to evolution of boundary layer as the day progresses,
but the total column integrated burden (shown in Fig. 4d) is not influenced by vertical20

dilution due to changing boundary layer. Surface SOA concentrations do not indicate
significant diurnal variation due to opposing effects of dilution and photochemistry, but
total SOA burden shows a strong diurnal variation due to photochemistry. Also HOA
surface concentration peaks at 07:00 LT, but column burden of HOA is nearly constant
throughout the day. BBOA surface concentrations and column burden both show simi-25

lar diurnal variations with peaks at 18:00 LT due to relatively uniform vertical distribution
of BBOA shown in Fig. 4a and b. Total OA surface concentrations and column burden
follow corresponding diurnal variations of SOA.
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3.2.4 O:C ratio

The evolution of the carbon and oxygen parts of SI-SOA are explicitly tracked, mak-
ing it possible to calculate temporal and spatial variations in elemental O:C ratios in
the aerosol phase. Figure 5a compares measured and simulated (Cases 1 and 2)
temporal variation of O:C ratios at the T0 site, while Fig. 5b looks at 24-day average5

spatial variation of elemental O:C ratios predicted by Case 2. In this study, two oxy-
gen atoms are added per generation of oxidation of S/IVOC precursors as discussed
earlier. Figure 5a shows that both modeling cases reproduce the temporal variations
of O:C ratios, but the magnitude is under-predicted at the T0 site. Case 1 is closest
to AMS measurements predicting higher elemental O:C ratios as compared to Case 2.10

O:C ratios decrease as fresh reduced primary organic emissions are added every hour
in the model, but increase as photochemistry causes SOA formation with addition of
oxygen. Case 1 has half of the fresh reduced anthropogenic emissions as compared
to Case 2, resulting in higher O:C ratios.

Case 3 (2-species VBS not shown) predicts very similar O:C ratios as Case 2 at15

T0 site. The agreement in O:C ratios between Case 2 and Case 3 over the city is
very interesting. Case 2 represents 9-species VBS with 15% added oxygen mass
per generation of oxidation, while Case 3 represent 2-species VBS with 50% added
oxygen mass, and 7 times slower chemistry as compared to Case 2. Figure 5b shows
that predicted 24-day average O:C ratios varies spatially ranging from a high of 0.3 at20

T0 site increasing to 0.6 further downwind, and could be as high as 0.7 over the Gulf
of Mexico representing highly oxygenated organic material. In comparison, Hodzic
et al. (2010a) and Dzepina et al. (2010) predicted much smaller O:C ratios ranging
0.14–0.24 over the Mexico City domain using the ROB approach adding one oxygen
atom per generation of oxidation following Robinson et al. (2007), but better predicted25

the O:C ratios both within the city and downwind using the GRI approach in which
the added oxygen mass was 40% and the chemistry was 2 times slower than in our
simulation.
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Figure 5c and 5d compare AMS O:C ratios to WRF-Chem simulations along C-130
flight tracks on 10 March (a high biomass burning day) and 29 (a low biomass burning
day), respectively. A portion of the C-130 flight transects were located further downwind
of Mexico City as discussed later. All 3 model Cases reproduce variations in measured
AMS O:C ratios on 10 March reasonably well; but simulations under-predict peaks in5

O:C ratios, specially at downwind locations. The two large peaks in O:C ratios pre-
dicted by Case 1 and Case 2 in Fig. 5c are during lowest OA predictions events chiefly
dominated by SOA. On 29 March, WRF-Chem simulations consistently under-predict
O:C ratios as compared to measurements (shown in Fig. 5d). Most of the simulated
values vary around 0.5, while AMS measured O:C ratios as high as 0.8 downwind of10

Mexico City on this day. It is important to note that the 2-species VBS (Case 3) pre-
dicts lower O:C ratios than 9-species VBS (Case 2) over downwind locations on this
day; however the differences between these cases are less than 25%. All 3 modeling
cases show very similar temporal variations in O:C ratios, which is expected since tem-
poral variations in emissions, deposition, meteorology, and chemistry are similar within15

WRF-Chem for all runs.
Results from both this study and previous studies show a strong sensitivity of O:C

ratios to the assumed oxygen added per generation of oxidation and point towards a
need for additional experimental validation. Also fragmentation reactions which could
cause an increase in O:C ratios (Kroll et al., 2009) need to be included in future pa-20

rameterizations. Improving emission estimates for e.g. increasing biomass burning
emissions would also help to increase O:C ratio predictions bringing them closer to
measurements. Accurate predictions of O:C ratios are important to better understand
the resulting effects on direct and indirect radiative forcing of climate by relating aerosol
optical properties and CCN activation as function of chemical processing of OA in the25

atmosphere (Jimenez et al., 2009).
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3.3 Evaluation of OA components at T1 site

The T1 site is located at the northern edge of the city. As discussed in Fast et al. (2009),
the present WRF-Chem setup uses 3×3 km2 grid spacing which may not be enough
to represent the strong spatial gradients of emissions in this region. Figure 6a–d show
averaged diurnal variations of total OA, HOA, OOA and BBOA enhancement ratios with5

respect to CO, respectively. As shown in Fig. 6b, Case 1 with default emissions better
represents HOA at the T1 site, while the other two modeling cases over-predict the
early morning HOA peak by a more than a factor of 2. Figure 6c shows that the late af-
ternoon peak in SOA due to photochemical production is over-predicted by Case 2 and
Case 3, while Case 1 with lower S/IVOC precursor emissions represents this peak well.10

Some of this over-prediction in SOA/∆CO may also be due to uncertainties in chemistry
parameterization producing too much SI-SOA downwind of the city center. All three
modeling Cases over-predict early morning PMF OOA peak. Also since emissions are
more processed at the downwind T1 site as compared to the T0 site, OOA/∆CO are
expected to be higher at T1 as compared to T0. Greater differences in OOA/∆CO in15

the afternoon peaks are predicted by all 3 modeling cases (factor of 2 higher at T1
compared to T0 as shown in Figs. 3d and 6c), as compared to measurements which
show 25% higher OOA/∆CO afternoon peak at T1 as compared to T0. Measured and
simulated BBOA concentrations are lower as compared to HOA and OOA at the T1
site as shown in Fig. 6d. The late afternoon BBOA peak is under-predicted by about20

a factor of 3 as compared to measurements, pointing to limitations in biomass burning
emission inventory.

Overall, the default emissions inventory (Case 1) represents surface level HOA and
OOA at the T1 site better than at the T0 site, suggesting that spatial distribution of OA
precursor emissions needs to be revised in the 2006 emissions inventory. Consistent25

with trends in HOA and OOA, total OA is over-predicted by Case 2 and Case 3, while
Case 1 shows the best predictions at the T1 site as compared to observations. It
is useful to note that at the T0 site, Case 1 under-predicts total OA (average diurnal
variation not shown) by at least a factor of 2.
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3.4 Evaluation of OA at remote sites

It is also instructive to evaluate OA variations at sites located farther from the city. In this
section we look at two remote sites: T2 and Altzomoni. The T2 site was located 35 km
to the north north-east of T1 at Rancho la Bisnaga, at an altitude of 2542 m. There are
few significant anthropogenic emission sources between T1 and T2, and somewhat5

higher concentrations of OC and EC were found at T2 during periods of southwesterly
winds (Doran, 2007). The mountain site of Altzomoni was located 60 km south-east of
Mexico City at an altitude of 4010 m (Baumgardner et al., 2009). The Altzomoni site is
generally above regional mixed layer from late evening until late morning. The T2 and
Altzomoni sites are indicated in Fig. 1a.10

Using thermal-optical OC/EC analyzer, Doran et al. (2007) reported organic carbon
(OC) concentrations at T2 site, which are converted to TOTOA using an OM/OC ra-
tio of 1.4. Figure 7a and b compare 24-day average diurnal variations of TOTOA and
SOA from the 3 modeling cases. AMS OOA is not available for comparison to model
predictions in Fig. 7b. Figure 7a shows that Case 2 and Case 3 reasonably predict15

concentrations of TOTOA. Also no strong diurnal variation in absolute TOTOA con-
centrations at T2 site is apparent. A comparison of Fig. 7a and b shows that model
predictions indicate SOA to be dominant component of TOTOA at this site throughout
the day.

Figure 7c and d show 24-day average diurnal variations of TOTOA and SOA, re-20

spectively, at the high altitude Altzomoni site. The top of the mixed layer reaches
the altitude of Altzomoni at about 11:00–12:00 LT and remains above this altitude un-
til after 20:00 LT. All modeling scenarios reproduce magnitude and diurnal variation of
measured TOTOA concentrations (using AMS) as shown in Fig. 7c. As expected, both
TOTOA and SOA concentrations increase at this site after 11:00 LT as the top of the25

mixed layer reaches the altitude of 4 km. As with the T2 site, most of the simulated
TOTOA at the Altzomoni site is comprised of SOA.
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3.5 Evaluation of OA components aloft

AMS measurements aloft are available from G-1 (Kleinman et al., 2008) and C-130
(DeCarlo et al., 2008) aircraft flight transects. The two aircrafts made several transects
on different days flying above the center of Mexico City and downwind. This data is
valuable to study time evolution and growth of organic aerosols due to gas-particle5

partitioning and photochemical aging of organics in the atmosphere. In this study, high
time-resolution AMS PMF data (10-s data) from eight G-1 flights including 6a, 7a, 15a,
18a, 19a, 20a, 20b, 22a (a and b refer to morning and afternoon flights), and two C-130
flights (on 10 and 29 March) are used to evaluate simulated OA. The G-1 aircraft flew
over Mexico City and up to 50 km northeast of the city, whereas the C-130 also flew10

further downwind over the Gulf of Mexico.
Figure 8 compares WRF-Chem output for Case 2 vs. PMF results from the AMS

aboard the G-1 and C-130 flights. Results are shown as scatter plots of mass con-
centrations vs. CO mixing ratios. Higher CO mixing ratios (≥500 ppbv) are generally
associated with the city center or within fire plumes, while lower CO mixing ratios repre-15

sent instances when aircrafts were flying farther downwind. Figure 8a and c shows that
HOA is significantly under-predicted aloft over Mexico City and immediately downwind
of city. HOA predictions improve at farther downwind locations (CO mixing ratios lower
than 250 ppb). SOA predictions in Fig. 8b and d show the reverse trend as compared
to HOA. SOA predictions are much better over the city and immediate downwind loca-20

tions, but SOA is over-predicted as compared to AMS OOA at more remote downwind
locations. The two branches appearing in HOA and SOA scatter plots for Case 2 pre-
dictions in Fig. 8 are interesting. In Fig. 8b, the first branch showing high SOA at low
CO concentrations (below 250 ppb CO) comes mainly from higher anthropogenic A-
SI-SOA contributions for five G-1 flight paths. Higher BB-SI-SOA contributed to higher25

SOA at downwind locations for the remaining three G-1 flight paths on 15, 18 and
19 March at downwind locations as compared to within the city. In Fig. 8d, some of
the highest SOA predictions at downwind locations are caused by high A-SI-SOA on
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10 March 2006. High BB-SI-SOA also contributes to downwind SOA on both 10 and
29 March 2006. Significant contributions of A-SI-SOA downwind are also consistent
with the high downwind HOA branch from model predictions appearing in both Fig. 8a
and c. In comparison to model predictions, PMF HOA shows more scatter (Fig. 8a
and c). The model has difficulty representing this scatter, thus highlighting significant5

uncertainties in representation of spatial and temporal variation of emission sources
in the 2006 MCMA inventory. This inconsistency related to uncertainties in emissions
inventory has also been shown in previous work by Fast et al. (2009).

Percentiles are used to compare the range of PMF factor enhancement ratios rela-
tive to CO and WRF-Chem predictions along individual G-1 and C-130 flights as shown10

in Fig. 9. On all days except the C-130 flight track on 29 March, median predictions of
HOA/∆CO are lower than that derived from PMF as shown in Fig. 9a. PMF HOA/∆CO
ratios also show greater variability on any given day as compared to predictions. Part
of the variability in PMF HOA may arise due to the fact that PMF of unit resolution
data used for the G-1 aircraft, has difficulty separating contributions of HOA and BBOA15

(Aiken et al., 2009). C-130 data utilize high-resolution AMS data, which is much bet-
ter able to separate HOA and BBOA components. But as discussed earlier, signifi-
cant spatial and temporal variation of emissions also causes higher variability in PMF
HOA/∆CO ratios which is not captured by 2006 MCMA emissions inventory used in
this work.20

Almost an opposite trend is seen for OOA enhancement ratio comparisons in Fig. 9b.
On most days except the mornings of 6, 7, and 20 March, the model over-predicts
median SOA/∆CO ratios as compared to corresponding PMF OOA/∆CO ratios. In
addition, the predictions show greater variability as compared to PMF observations.
The greatest predicted variability in the simulations is seen for the G-1 flight on morning25

of 22 March and the C-130 flight on 10 March. 10 March was a high biomass burning
day with several large fires within 60 km of Mexico City. Biomass burning contributions
to SI-SOA on this day were similar to anthropogenic SI-SOA contributions (as shown
in Fig. 10f discussed later).
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Figure 9 also shows that magnitude and variability of all OA component enhance-
ment ratios (HOA/∆CO, OOA/∆CO and BBOA/∆CO) predicted by 9-species VBS and
2-species VBS (Case 2 and Case 3, respectively) are very similar across all 10 in-
dividual flight tracks, providing evidence of the ability of 2-species VBS approach to
represent OA components aloft both over the city and downwind. As expected, HOA5

and SOA predictions for Case 1 are lower than other 2 modeling cases due to half
the anthropogenic S/IVOC emissions as discussed earlier and shown in Fig. 9a and
9b, respectively. Figure 9c shows that predicted BBOA/∆CO ratios across most flight
tracks (especially evident on high biomass burning days, such as 10 March) are too low,
pointing to significant uncertainties and missing biomass burning smoke emissions in10

the inventory used here. Total OA/∆CO ratios are generally under-predicted except for
the last three flights to the right, as shown in Fig. 9d; however, there are compensat-
ing errors due to models under-predicting HOA and BBOA, and over-predicting OOA
as compared to AMS data. Hence, it is extremely important to look at individual OA
components such as HOA, OOA and BBOA to understand how total OA evolves in the15

atmosphere.
It is also instructive to look more closely at individual flights paths. Figures 10 and

11 compare WRF-Chem outputs to highly time resolved AMS data for OA components
along the C-130 transect on 10 March and the G-1 transect on 15 March, respectively.
On 10 March, MODIS detected several large fires within 60 km of Mexico City, thus20

it was a high biomass-burning day. 15 March was a day with relatively low biomass
burning. Both WRF-Chem and AMS data are averaged to 1 min. time intervals to
reduce high-frequency variability and ease visual comparison.

3.5.1 C-130 flight on 10 March

On the morning of 10 March 2006, the C-130 aircraft encountered a large number of25

biomass burning fires as detected by MODIS fire counts (Fast et al., 2009) as it flew
from the Gulf of Mexico towards Mexico City. The aircraft sampled several downwind lo-
cations between Mexico City and Veracruz at (17:00–20:00 UTC or 11:00–14:00 local
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time). Figure 10a shows that there may be small transport and dilution errors close
to 18:30–19:00 UTC shown by difference in measured and simulated CO concentra-
tions. When the aircraft flew close to the city over T0 and T1 sites (20.5–22 UTC
or 14:30–16:00 local time), Figure 10a shows that CO is over-predicted somewhat by
WRF-Chem as compared to observations; however, the temporal variations look con-5

sistent. The C-130 then flew back to Veracruz late in the afternoon.
Figure 10b shows that variations in total OA/∆CO ratios are reasonably simulated

over the city region. WRF-Chem slightly under-predicts total OA over the city as com-
pared to AMS data. WRF-Chem over-predicts total OA by 50–100% as compared to
AMS measurements when the aircraft flew downwind earlier during the day.10

Figure 10c shows that HOA/∆CO ratios are under-predicted by all modeling cases
over the city by more than a factor of 3. But, OOA/∆CO ratios over the city are predicted
reasonably well (Fig. 10d). Some of the under-predicted HOA enhancement ratios are
due to higher CO mixing ratios simulated by the model over the city. At most down-
wind locations CO predictions are closer to observations (Fig. 10a), both predicted and15

simulated HOA enhancement ratios are relatively low in magnitude, but OOA enhance-
ment ratio is over-predicted by a factor of 2–3 as shown in Fig. 10d. Figure 10e shows
that BBOA/∆CO ratios are consistently under-predicted over the city and downwind
locations pointing to problems in the biomass burning emissions inventory.

Figure 10f quantifies different SOA source-contributions in this study along the flight20

track using Case 2. These include V-SOA from traditional anthropogenic and biogenic
precursors (A-V-SOA and B-V-SOA), and SI-SOA from S/IVOC precursor emissions
related to anthropogenic and biomass burning emissions (A-SI-SOA and BB-SI-SOA,
respectively). Both over the city and at downwind locations A-SI-SOA and BB-SI-SOA
are equally important. Traditional A-V-SOA and B-V-SOA contributes a much smaller25

fraction to SOA both over city and downwind locations, and biomass burning and an-
thropogenic emissions (predominantly traffic emissions) are the two major SOA precur-
sor sources within and around Mexico City region. Since BBOA is consistently under-
predicted as shown in Fig. 10f, correcting for BBOA in WRF-Chem would increase
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SOA contributions from biomass burning precursors in the current parameterization
both over city and downwind locations. Because both total OA and SOA are over-
predicted by all three modeling cases downwind of Mexico City (as shown in Fig. 10b
and d), increasing the biomass burning precursors should be accompanied by de-
crease in biomass burning and/or anthropogenic S/IVOC precursors, or by a decrease5

in the efficiency of forming SI-SOA from S/IVOC. For example, the parameterization by
Grieshop et al. (2009) did not include IVOCs for biomass burning based on their smog
chamber experiments. Also, a decrease in anthropogenic SVOC emissions would lead
to greater under-prediction in HOA/∆CO ratio over the city. Other options include slow-
ing down chemistry parameterizations, fragmentation reactions and increase in loss of10

S/IVOC precursors from dry deposition reducing SOA formation downwind of Mexico
City. Total simulated OA/∆CO ratios in Fig. 10b currently look better as compared to
individual derived OA components due to compensating errors from simulated HOA
and BBOA that are too low and OOA that is too high.

3.5.2 G-1 flight on 15 March15

Another example is shown in terms of G-1 flight transects on the morning of 15 March
in Fig. 11. This was a low biomass burning day as compared to 10 March. As shown
in Fig. 11a, spatial variations of predicted CO are qualitatively similar to observations.
The largest scatter in observed and simulated CO occurs over the city due to errors in
timing and location of simulated plume (Fast et al., 2009).20

Figure 11b shows that variations in total OA/∆CO ratios are reasonably simulated by
WRF-Chem over the city and nearby downwind locations. TOTOA is over-predicted at
farther downwind locations mainly due to over-prediction in SOA consistent with C-130
flight comparisons in Fig. 9b.

As shown in Fig. 11c, simulated HOA is under-predicted over the city as compared25

to AMS HOA (during 17:00–17:30 UTC). Case 1 shows lower HOA as compared to
other two cases due to lower anthropogenic S/IVOC emissions as discussed earlier.
The consistent under-prediction in HOA enhancement ratios suggest revising SVOC
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emissions or volatility distribution of emissions making higher fraction of SVOC emis-
sions to be non-volatile under local ambient conditions.

Figure 11d shows that OOA is over-predicted by Case 2 and Case 3 over the city
(having higher S/IVOC precursor emissions than Case 1). Between 16:00–16:30 UTC
and 17:30–18:30 UTC the aircraft flew downwind over T1 and between Mexico City and5

Veracruz farther downwind. OOA is consistently over-predicted at downwind locations.
Figure 11e also shows that BBOA is underpredicted on this day too by all modeling
cases. It is also noteworthy that the Case 3 (2-species VBS) shows higher BBOA as
compared to Case 2, primarily because 2-species VBS assumes 30% of the SVOC
emissions from biomass burning to be non-volatile (as compared to 9% using the glob-10

ally non-volatile fraction assumed by Case 2). In comparison, Case 2 and Case 3
assume an almost equal fraction of anthropogenic SVOCs to be non-volatile (23% and
30%, respectively).

Figure 11f shows SOA source-contributions using Case 2 along the flight transect.
Over the city, A-SI-SOA is dominant contributor to SOA. At farther downwind locations,15

BB-SI-SOA starts playing a more important role consistent with conclusions from C-
130 flight transect shown in Fig. 10f. Again both traditional A-V-SOA and B-V-SOA
precursors contribute relatively low SOA mass as compared to S/IVOC precursors from
anthropogenic and biomass burning emissions.

3.6 Non-fossil carbon fraction (fNF)20

14C measurements provide insights into relative contributions of fossil and modern car-
bon. These measurements provide another metric to evaluate predictions of source-
oriented models such as WRF-Chem. Substantial amounts of non-fossil carbon as a
fraction of total OC (fNF) are observed in both urban locations such as Mexico City
and in remote environments of the Northern Hemisphere throughout the year (Hodzic,25

2010b). High values of fNF observed in urban environments such as Mexico City dur-
ing low biomass burning events points towards importance of representing non-fossil
sources in emission inventories (Hodzic, 2010b). These sources include biogenic SOA,
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primary biological particles (PBAP) and urban sources of non-fossil carbon such as
food cooking, municipal trash burning, biofuel use, etc.

In this work fNF is calculated using following assumptions: 20% of urban carbon (both
primary and secondary) is non-fossil, 15% of biogenic SOA is PBAP consistent with
results from Hodzic et al. (2010b), and both BBOA and SOA from biomass burning are5

non-fossil carbon sources. fNF is not sensitive to dilution effects resulting from variation
in boundary layer height as it is a ratio. Also fNF does not depend on amount of oxygen
added in the S/IVOC oxidation parameterization, as it is based on carbon fraction.

The non-fossil carbon fraction (fNF) is found to range 0.37–0.67 at T0 and 0.50–0.86
at T1, with a substantial disagreement between two datasets collected by two different10

groups, which remains unresolved (Hodzic, 2010b). Figure 12 shows average diurnal
variation of fNF at the T0 and T1 sites, respectively, using Case 2 indicated by solid
lines. The figure shows fNF values ranging 0.26–0.40 and 0.34–0.43 at the T0 and T1
sites, respectively. Consistent with estimations by Hodzic et al. (2010b), fNF values at
T1 site are predicted to be higher by about 0.1 as compared to T0 site. Also, Fig. 1215

indicates that fNF values at both sites increases during the day after 08:00 LT with a
peak value at 18:00 LT.

We note that B-V-SOA is too low in our model compared to previous studies as
discussed earlier. So, fNF is recalculated in our model by increasing B-V-SOA by a
factor of 5 at the T0 and T1 sites as indicated by dashed lines in Fig. 12, keeping20

concentrations of all other OA components unaltered. Increasing B-V-SOA causes an
increase in fNF by 0.04 and 0.05 at the T0 and T1 sites, respectively, on an average.

It is also important to note that WRF-Chem predicts fNF (average ∼0.36 at T0
when biogenic SOA is corrected as above) which are slightly lower than the Aiken
et al. (2010) fNF dataset (average of 0.44), consistent with the results of Hodzic et25

al. (2010b). Since WRF-Chem has missing biomass emissions as well as especially
early morning impacts which strongly affect the surface average concentrations (Aiken
et al., 2010), increasing amount of biomass burning emissions would help to increase
predicted values of fNF bringing them into agreement to measurements, consistent with
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the conclusions of Hodzic et al. (2010b). However, a separate dataset of fNF from Mar-
ley et al. (2009) reports fNF which is larger by about 0.15 compared to the Aiken et
al. (2010) data, and the unexplained disagreement between these datasets limits our
ability to make strong conclusions based on these comparisons. In addition, accu-
rate quantification of OA and S/IVOC emissions and their non-fossil carbon fraction for5

anthropogenic trash burning observed within and around Mexico City, as well as for
other urban emissions such as food cooking and biofuel use is also essential to better
constrain model predictions of fNF.

3.7 WRF-Chem vs. CHIMERE

Even though CHIMERE and WRF-Chem have differences in treatments of meteorol-10

ogy, chemistry, emissions, and coupling of meteorology with chemistry (offline versus
online) they are widely used by different groups and it is instructive to compare OA
predictions between the two models. WRF-Chem uses SAPRC-99 gas phase chem-
istry, whereas CHIMERE uses the MELCHIOR chemical mechanism. Details of SOA
formation mechanism in CHIMERE are discussed by Hodzic et al. (2009) and Hodzic15

et al. (2010a). Since SI-SOA formation is primarily controlled by OH concentrations,
inter-comparison of OH concentrations simulated by CHIMERE and WRF-Chem was
done at the T0 site in Mexico City. Both models showed similar diurnal variations for
OH, however, CHIMERE predicts higher average OH concentration as compared to
WRF-Chem.20

Also, in CHIMERE, dry deposition of all gaseous semi-volatile species is calculated
similar to NO2 (effective Henry’s law constant of 0.01 M atm−1), however, in WRF-Chem
dry deposition is calculated using an effective Henry’s law constant of 2700 M atm−1.
Hence dry deposition velocities of semi-volatile organic vapors in WRF-Chem are ex-
pected to be higher than CHIMERE. However, dry deposition velocities do not directly25

scale with effective Henry’s law constant due to other factors as aerodynamic resis-
tance, surface resistance, stomatal resistance and effect of reactivity on mesophyllic
resistance (Bessagnet et al., 2010). Bessagnet et al. (2010) found that omitting dry
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deposition of semivolatile species may overestimate SOA concentrations by as much
as 50% especially during nighttime when relative humidity is high. Quantifying effects
of dry deposition on SOA concentrations in WRF-Chem is a subject for further study.

Figures 13 and 14 compare total OA, HOA, SOA and BBOA predictions at the T0
and T1 sites respectively from CHIMERE (using the ROB approach) and WRF-Chem5

(Case 2). Temporally averaged simulated values from both the models are also indi-
cated on each figure. The CHIMERE simulations of Hodzic et al. (2010a) used an older
POA emissions inventory for Mexico City, while the current WRF-Chem predictions are
from a recently revised inventory for Mexico City for 2006, with an additional doubling
of the default anthropogenic S/IVOC emissions (Case 2 Cases) used for comparison.10

Older POA emissions used by Hodzic et al. (2010a) were greater than revised 2006
inventory used in this work by almost a factor of 2 at the T0 site, so Case 2 predictions
of HOA are similar to Hodzic et al. (2010a). At the T0 site, the average predictions of
total OA, HOA, SOA and BBOA are very similar in both models. This is encouraging as
it implies that simulated OA components by the two models within Mexico City are of15

similar order. Differences in temporal variations between WRF-Chem and CHIMERE
are also due to different treatments of meteorology. WRF-Chem using online mete-
orology as discussed earlier which is more useful for simulating event periods, while
CHIMERE uses offline meteorology through MM5.

At the T1 site, shown in Fig. 14a, WRF-Chem predicts on average 25% higher total20

OA as compared to CHIMERE. Also, on an average WRF-Chem predicts lower HOA
(10% lower) and higher SOA (50% higher) as compared to the CHIMERE model as
shown in Fig. 14b and c, respectively. The S/IVOC emissions have had more time for
multi-generational photochemistry leading to higher SOA/∆CO ratios at the T1 site as
compared to T0 site as discussed earlier. Differences in HOA are related to differences25

in emissions and spatial resolution of the model at the T1 site. As WRF-Chem as-
sumes a minimum non-volatile fraction of 22% of SVOC emissions for anthropogenic
emissions as compared to CHIMERE where the minimum non-volatile fraction is 9%
(based on ROB approach), if emissions were same, WRF-Chem would predict higher
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HOA as compared to CHIMERE. In contrast, lower HOA predictions from WRF-Chem
indicate significant differences in emissions, transport and deposition between the two
models. BBOA predictions are of the same order between CHIMERE and WRF-Chem
as shown in Fig. 14d.

Figure 15 compares various SOA components between the two models at T15

site. Similar amounts of traditional A-V-SOA are predicted by both WRF-Chem and
CHIMERE as shown in Fig. 15a. CHIMERE predicts 5 times higher B-V-SOA as com-
pared to WRF-Chem shown in Fig. 15b as discussed earlier. Figure 15c and d shows
that WRF-Chem predicts twice A-SI-SOA and 50% higher BB-SI-SOA as compared
to CHIMERE on an average, with most of the higher predictions occurring after 2410

March. Differences in meteorological treatments between the two models are partly re-
sponsible for differences in predicted OA. Higher SI-SOA predictions from WRF-Chem
are also partially caused due to addition of 15% oxygen mass per generation of ox-
idation as compared to 7.5% added oxygen assumed by CHIMERE model. In addi-
tion, CHIMERE included treatment of precipitation and wet deposition after 24 March15

(Hodzic et al., 2010a), but amount of aerosols removed by wet deposition in CHIMERE
was not quantified in that study. In contrast, wet deposition is excluded in WRF-Chem
in the present study, as Fast et al. (2009) found that effects of wet deposition removal
during that period was relatively small. Figure 15e shows that total SOA predicted by
WRF-Chem is on average 50% higher as compared to CHIMERE, chiefly due to higher20

SI-SOA predictions by WRF-Chem.

4 Discussion

The VBS approach formulated by Robinson et al. (2007) is a very useful approach to
represent varying gas-particle partitioning and multi-generational photochemical aging
of a complex mixture of thousands of organic species in air-quality models. As shown25

in this study and several recent studies using this approach for Mexico City (Dzepina et
al., 2009; Hodzic et al., 2010a; Tsimpidi et al., 2010), experiments constraining various
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parameterizations related to emissions of S/IVOC precursors, volatility distribution, and
chemistry including functionalization, fragmentation and oligomerization reactions are
needed to improve predictions of both mass and oxidation state of OA in the atmo-
sphere.

More research is needed to make sure that total OA is accurately predicted for the5

right reasons: i.e. all the components of OA including HOA, OOA, and BBOA need
to be right as well. In addition, models also need to capture the evolution of O:C ra-
tios of OA. AMS measurements during field experiments involving both ground and
aircraft flights are valuable to help constrain parameters of the VBS approach. For ex-
ample, we show that biomass burning emissions are consistently under-predicted by10

all model cases at both ground and aircraft locations pointing to a continued need to
revise biomass burning emissions in and around Mexico City region. In addition, con-
sistent under-prediction in HOA at T0 site within the city center and most aircraft flights
aloft suggest that either primary anthropogenic SVOC emissions need to be increased
or SVOC emissions have a higher non-volatile fraction than currently assumed. Also15

higher scatter in PMF HOA as compared to WRF-Chem predictions suggest that spatial
and temporal variation of emissions in 2006 MCMA inventory need to be revised. Like-
wise, a consistent over-prediction in SOA at downwind locations is evident from most
aircraft flights suggesting problems in chemistry parameterizations of S/IVOC precur-
sors. The current parameterization adds 50–100% higher SOA mass as compared to20

estimates obtained from PMF analysis on AMS measurements. In addition, effect of
loss mechanisms such as dry deposition of S/IVOC vapors downwind need to be quan-
tified experimentally. Dry deposition of S/IVOC vapors downwind would reduce SOA
formation bringing model predictions closer to AMS PMF analysis.

WRF-Chem predictions are close to one of the datasetes of non-fossil carbon (fNF)25

reported for Mexico City, especially when the underpredictions in biogenic SOA and
in BBOA are taken into account. However a substantial (∼0.15) underprediction is
observed when comparing with the other dataset (Marley et al., 2009), and the overall
conclusion is unclear due to conflicting results from the two available experimental
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datasets. A remaining under-prediction would reflect missing sources of non-fossil
carbon such as additional biogenic SOA or biomass burning, as well as anthropogenic
sources (trash burning, food cooking, biofuel use, etc.) in the emissions inventory.
Non-fossil carbon emissions are highly uncertain due to challenges associated with
identifying and quantifying their temporal and spatial distributions in the inventory.5

OA and organic vapor measurements also need substantial improvements. Uncer-
tainties in AMS measurements and subsequent PMF analysis also need to be better
quantified. These uncertainties will vary spatially and temporally due to two factors.
First, there were possible variations in collection efficiency among the different G-1
flights (Kleinman et al., 2008). These variations are inconsistent, however, with the10

good intercomparisons observed for the C-130 aircraft (DeCarlo et al., 2008) at the T0
site, which highlights the difficult of determining AMS collection efficiency from single
instrument intercomparisons in the field. Second, PMF will have difficulty separating
the contribution of different OA factors at locations and times when markers for differ-
ent factors as HOA, OOA and BBOA co-vary in the atmosphere (which often occurred15

during MILAGRO), especially when unit-resolution data is used as for the G-1 aircraft
and the T1 site (Aiken et al., 2009). Comparing PMF results to predictions from a
source-oriented modeling approach such as WRF-Chem helps to identify the range
of uncertainties in both source-oriented and PMF based approaches. At the same
time, information from both types of approaches needs to be combined in a consistent20

manner to improve OA predictions in the atmosphere. In addition to improvements of
the AMS and its analysis techniques, additional real-time instruments for OA charac-
terization need to be developed and deployed, especially those that may have more
detailed chemical markers for OA from different sources. Importantly, a measurement
of total gas-phase species with some volatility and/or chemical resolution such as O:C25

(analogous to the AMS) is critically needed, as otherwise no comparison of predicted
vs. measured bulk gas-phase species is possible, as in this study. Finally resolving
the discrepancies between different non-fossil carbon measurements and performing
those measurements with higher time resolution is important for better constraining
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model results.
In addition, several other processes such as formation of SOA from volatile species

as glyoxal, increase of biogenic SOA yields in presence of anthropogenic pollution
for e.g. formation of organo-sulfates, organo-nitrates and esterification processes, and
SOA formation in clouds, need to be studied and included in models.5

5 Conclusion

The WRF-Chem community model has been revised to include SOA formation coupled
to the inorganic MOSAIC code for the first time. Traditional V-SOA formation using
NOx-dependent yields from both traditional anthropogenic and biogenic VOC precur-
sors are included. Non-traditional SOA formation from S/IVOC precursors is also im-10

plemented using the volatility basis-set approach following Robinson et al. (2007). In
addition to 9-species VBS approach to model SI-SOA formation from S/IVOC precursor
emissions, a highly condensed 2-species VBS approach is developed and tested with
respect to similarity to the detailed 9-species VBS approach. AMS measurements at
ground sites and aircraft sampling during MCMA 2006 is used to evaluate WRF-Chem15

simulations. Results show that 2-species VBS predictions of total OA, HOA, OOA and
BBOA are similar to the 9-species VBS predictions (with same S/IVOC emissions) at
both ground locations (T0 and T1 sites) and along 10 aircraft transects studied. In ad-
dition, the 2-species VBS also predicts evolution of O:C ratios similar to the 9-species
VBS approach (within 25%). The simplified 2-species mechanism reduces the com-20

putational cost by a factor of 2 as compared to 9-species VBS. The computational
expense can be reduced further if sources of organic aerosols and O:C ratios are not
required. Thus the condensed 2-species mechanism is better suited for routine appli-
cations using computationally expensive models such as WRF-Chem running coupled
cloud-aerosol-meteorology as well as global models. Validating the 2-species to the 9-25

species VBS predictions is an essential first step to using these highly condensed SOA
mechanisms designed to represent the full complexity of information (both mass and
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oxidation state of OA). WRF-Chem predictions are also compared to the CHIMERE
model, and the two models show reasonable agreement of total OA (within 25%) at the
T0 and T1 sites. Nevertheless, many uncertainties remain in both models as discussed
earlier.

In the future, we plan to evaluate the impact of evolving mass and oxidation state5

(O:C ratio) of OA on aerosol optical properties (e.g. refractive index), hygroscopicity
and CCN activity, and dry deposition of S/IVOC precursors varying with O:C ratios by
means of WRF-Chem using more recent field and laboratory data. Additional well-
coordinated field and laboratory measurements are needed to constrain these param-
eterizations as a function of photochemical aging of OA in the atmosphere.10

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/10/30205/2010/
acpd-10-30205-2010-supplement.pdf.
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Table 1. Terminology used for various classes of organic species in this study.

Gas phase organic compounds

SVOC Semi-Volatile Organic Compounds: Primary organic vapors which have sufficiently low vapor pressure to
dynamically partition between the gas and the aerosol phases (Robinson et al., 2007) i.e. 10−2 ≤ C∗ ≤
103 µg m−3 at 298 K and 1 atm

IVOC Intermediate Volatility Organic Compounds: Primary organic vapors with volatility higher than SVOC but
lower the traditional VOCs i.e. 104 ≤C∗ ≤106 µg m−3 at 298 K and 1 atm (Robinson et al., 2007)

S/IVOC SVOC+IVOC

VOC Volatile Organic Compounds: Gas-phase organic species with volatility higher than S/IVOC i.e. C∗ ≥
107 µg m−3 at 298 K and 1 atm (e.g. toluene, isoprene, terpenes).

Condensed phase organics

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

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

SOA Secondary Organic Aerosol: defined as organic aerosol formed after photochemical oxidation and conden-
sation of organic vapors (V−SOA+SI−SOA) in the atmosphere

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

A-V-SOA Component of SOA formed due to photochemical oxidation of traditional anthropogenic VOC precursors
(e.g. ARO1, ARO2, ALK4 etc.)

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

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

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

BB-SI-SOA Component of SOA formed due to photochemical oxidation of biomass burning S/IVOC precursors

Aerosol Mass Spectrometer terminology

HOA↔POA 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 under-
stood as a surrogate for urban combustion-related POA (Ulbrich et al., 2009).

OOA↔SOA 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.

BBOA Biomass Burning Organic Aerosols: an OA component identified with PMF which is characterized by spec-
tral 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.
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Table 2. Factors (fi ) used to calculate S/IVOC emissions from POA.

C∗ µg m−3 Biomass carbon Anthropogenic ∆Hvap

at 298 K (fi ) carbon (fi ) kJ mol−1

0.01 0.09 0.23 112
0.1 0.18 0.17 106
1 0.27 0.26 100

10 0.42 0.40 94
100 0.54 0.51 88

1000 0.90 0.86 82
104 1.20 1.17 76
105 1.50 1.50 70
106 2.40 2.40 64
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Table 3. SOA mass yields using a 4-product VBS with C∗ of 1, 10, 100 and 1000 µg m−3 for
V-SOA precursors.

V-SOA precursors Aerosol yield high NOx parameterization Aerosol yield low NOx parameterization

1 10 100 1000 1 10 100 1000

ALK4 N/A 0.038 N/A N/A N/A 0.075 N/A N/A
ALK5 N/A 0.15 N/A N/A N/A 0.3 N/A N/A
OLE1 0.001 0.005 0.038 0.15 0.005 0.009 0.06 0.225
OLE2 0.003 0.026 0.083 0.27 0.023 0.044 0.129 0.375
ARO1 0.01 0.24 0.45 0.7 0.01 0.24 0.7 0.7
ARO2 0.01 0.24 0.45 0.7 0.01 0.24 0.7 0.7
ISOP 0.001 0.023 0.015 0 0.009 0.03 0.015 0
TERP 0.012 0.122 0.201 0.5 0.107 0.092 0.359 0.6
SESQ 0.075 0.15 0.75 0.9 0.075 0.15 0.75 0.9
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Table 4. Factors (fi ) used to calculate S/IVOC emissions from POA for 2-species VBS.

C∗ µg m−3 Biomass or
at 298 K anthropogenic carbon (fi )

0.01 1.0
105 6.5
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Table 5. V-SOA 1-product mass yields.

V-SOA Aerosol yield high Aerosol yield low Reference
precursors NOx (1 µg m−3) NOx (1 µg m−3)

ARO1 0.08 0.304 Ng et al. (2007b)
ARO2 0.035 0.367 Ng et al. (2007b)
TERP 0.066 0.379 Ng et al. (2007a)
SESQ 0.847 0.417 Ng et al. (2007a)
ISOPRENE 0.038 0.01 Kroll et al. (2006)
ALK4 0.038 0.075 Tsimpidi et al. (2010)
ALK5 0.15 0.3 Tsimpidi et al. (2010)
OLE1 0.001 0.005 Tsimpidi et al. (2010)
OLE2 0.003 0.023 Tsimpidi et al. (2010)
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Fig. 1. Spatial distribution of 24-day average PM2.5 SOA concentrations (µg m−3) over Mexico
City basin as predicted by 3 modeling Cases discussed in the text. Also indicated are locations
of T0 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 with twice anthropogenic S/IVOC emissions, as discussed in
the text.
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Fig. 2. Spatial distribution of 24-day average PM2.5 SI-SOA components (a) anthropogenic A-
SI-SOA; (b) 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).
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Fig. 3. Observed and simulated enhancement ratios of OA components with respect to CO at
the T0 site within Mexico City for (a) HOA time series; (b) OOA time series; (c) HOA diurnal
average; (d) OOA diurnal average. Case 3 is not shown in panels (a) and (b) as it is very similar
to Case 2. ∆CO represents CO-50 ppb (assuming a background of 50 ppb) as discussed in text.
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Fig. 4. 24 day averages over 6–30 March 2006 at T0 site predicted by Case 2 within Mexico
City for (a) variation of OA concentration (µg m−3) with height above ground level (a.g.l.); (b) ra-
tio of HOA, SOA and BBOA from (a) with respect to TOTOA; (c) diurnal variation of surface
concentrations (∼25 m above ground level) of OA components; (d) diurnal variation of total col-
umn burden (mg m−2) of OA components. Solid lines show Case 2 WRF-Chem simulations in
the present study, while dashed lines show column burdens estimated by Aiken et al. (2010)
over 10–31 March 2006 at T0 site for comparison.
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Fig. 5. Elemental O:C ratios over Mexico City region (a) time series of AMS and model (Case 1
and Case 2) results at T0 site for 10–30 March, (b) 24-day average spatial distribution at surface
level for Case 2; (c) AMS and model results along C-130 flight track of 10 March morning;
(d) same along C-130 flight track of 29 March morning.
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Fig. 6. Average diurnal observed and simulated enhancement ratios of OA components with
respect to CO at the T1 site within Mexico City for (a) total OA; (b) HOA; (c) OOA; (d) BBOA.
∆CO represents CO-50 ppb (assuming a background of 50 ppb) as discussed in text.
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Fig. 7. Average diurnal observed and simulated concentrations of (a) TOTOA at T2 site;
(b) SOA at T2 site; (c) TOTOA at Altzomoni mountain site; (d) SOA at Altzomoni mountain
site. Location of T2 and Altzomoni sites are indicated in Fig. 1a.
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Fig. 8. WRF-Chem (Case 2) predictions of OA components vs. CO mixing ratios (a) HOA for 8
G1 flights; (b) OOA for 8 G-1 flights; (c) HOA for 2 C-130 flights; (d) OOA for 2 C130 flights.
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Fig. 9. Comparison of PMF components and WRF-Chem results (enhancement ratios with
respect to CO) for the 3 modeling Cases along the 8 G-1 and 2 C-130 aircraft flight tracks
where horizontal lines denote median, boxes denote 25th and 75th percentiles, and whiskers
denote 5th and 95th percentiles for (a) HOA; (b) OOA; (c) BBOA; (d) total OA. ∆CO represents
CO-50 ppb (assuming a background of 50 ppb) as discussed in text.
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Figure 10 

Fig. 10. Comparing simulated and measured (a) CO mixing ratios, and Enhancement ratios of
(b) total OA, (c) HOA, (d) OOA and (e) BBOA versus corresponding PMF factors. (f) Various
SOA components along flight transects of C-130 on 10 March as discussed in text.
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Figure 11 

Fig. 11. Comparing simulated and measured (a) CO mixing ratios, and Enhancement ratios of
(b) total OA, (c) HOA, (d) OOA and (e) BBOA versus corresponding PMF factors. (f) Various
SOA components along flight transects of G-1 on 15 March as discussed in text.
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Fig. 12. Average diurnal variation of non-fossil carbon fraction (fNF) at the T0 and T1 sites
in Mexico City region for 6–30 March 2006. Solid lines represent Case 2 in this study, while
dashed lines represent the same modeling Case (Case 2) with 5 times predicted biogenic B-V-
SOA concentrations at T0 and T1 sites. Increasing biogenic SOA concentration by a factor of
5 increases predicted fNF by 0.05 at both sites.
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Fig. 13. Comparing predictions of (a) total OA, (b) HOA, (c) SOA and (d) BBOA from CHIMERE
(using the ROB approach) vs. WRF-Chem model (Case 2) at the T0 site in Mexico City. The
mean predicted values from the two models are also indicated.
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Fig. 14. Comparing predictions of (a) total OA, (b) HOA, (c) SOA and (d) BBOA from CHIMERE
(using the ROB approach) vs. WRF-Chem model (Case 2) at the T1 site in Mexico City. The
mean predicted values from the two models are also indicated.
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Fig. 15. Comparing predictions of SOA components from CHIMERE (using the ROB approach)
vs. WRF-Chem model at the T1 site in Mexico City (a) traditional A-V-SOA; (b) biogenic B-V-
SOA; (c) anthropogenic A-SI-SOA; (d) biomass burning BB-SI-SOA; (e) total SOA. Temporally
averaged values are also indicated on each figure.
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