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Abstract.  The meso-scale chemistry-transport model Mexico City, large discrepancies are encountered for SOA,
CHIMERE is used to assess our understanding of majomwith a factor of 2-10 model underestimate. When only
sources and formation processes leading to a fairly largeanthropogenic SOA precursors were considered, the model
amount of organic aerosols — OA, including primary OA was able to reproduce within a factor of two the sharp in-
(POA) and secondary OA (SOA) — observed in Mexico City crease in OOA concentrations during the late morning at
during the MILAGRO field project (March 2006). Chemical both urban and near-urban locations but the discrepancy in-
analyses of submicron aerosols from aerosol mass spectronereases rapidly later in the day, consistent with previous re-
eters (AMS) indicate that organic particles found in the Mex- sults, and is especially obvious when the column-integrated
ico City basin contain a large fraction of oxygenated organicSOA mass is considered instead of the surface concentra-
species (OOA) which have strong correspondence with SOAtion. The increase in the missing SOA mass in the after-
and that their production actively continues downwind of the noon coincides with the sharp drop in POA suggesting a
city. The SOA formation is modeled here by the one-step ox-tendency of the model to excessively evaporate the freshly
idation of anthropogenic (i.e. aromatics, alkanes), biogenidormed SOA. Predicted SOA concentrations in our base case
(i.e. monoterpenes and isoprene), and biomass-burning SO#vere extremely low when photochemistry was not active, es-
precursors and their partitioning into both organic and aquejpecially overnight, as the SOA formed in the previous day
ous phases. Conservative assumptions are made for uncesas mostly quickly advected away from the basin. These
tain parameters to maximize the amount of SOA producecdhighttime discrepancies were not significantly reduced when
by the model. The near-surface model evaluation shows thagreatly enhanced partitioning to the aerosol phase was as-
predicted OA correlates reasonably well with measurementsumed. Model sensitivity results suggest that observed night-
during the campaign, however it remains a factor of 2 lowertime OOA concentrations are strongly influenced by a re-
than the measured total OA. Fairly good agreement is foundyjional background SOA~1.5.g/m?) of biogenic origin
between predicted and observed POA within the city sug-which is transported from the coastal mountain ranges into
gesting that anthropogenic and biomass burning emissionthe Mexico City basin. The presence of biogenic SOA in
are reasonably captured. Consistent with previous studies iMexico City was confirmed by SOA tracer-derived estimates
that have reported 1.14-0.22) ug/m? of biogenic SOA at

TO, and 1.35 4£0.24) ug/m? at T1, which are of the same
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find that biogenic SOA does not appear to be underestimatedhromatography-mass spectroscopy (GC/MS) can identify
significantly by traditional models, in strong contrast to what the species that comprise only 10—-20% of the organic mass.
is observed for anthropogenic pollution. The relative contri- On the other hand the total OA mass can be measured with
bution of biogenic SOA to predicted monthly mean SOA lev- reasonable accuracy25%) using thermal-optical analyzers
els (traditional approach) is estimated to be more than 30%Turpin et al., 2000) or aerosol mass spectrometers (AMS;
within the city and up to 65% at the regional scale which may Canagaratna et al., 2007). The latter technique has high time
help explain the significant amount of modern carbon in theand size resolution and allows some characterization of the
aerosols inside the city during low biomass burning periods.sources and types of species that make up the fine aerosol
The anthropogenic emissions of isoprene and its nighttimemass through factor analysis of the organic spectrum (Zhang
oxidation by NQ were also found to enhance the SOA meanet al., 2005a, b). In particular surrogates of POA and SOA
concentrations within the city by an additional 15%. Our re- and several subtypes of each have been identified in mul-
sults confirm the large underestimation of the SOA produc-tiple studies using this technique (e.g. Zhang et al., 2005a,
tion by traditional models in polluted regions (estimated asb, 2007; Lanz et al., 2007; Nemitz et al., 2008; Ulbrich et
10-20tons within the Mexico City metropolitan area during al., 2009). There have been very few measurements that
the daily peak), and emphasize for the first time the role ofallow a direct estimation of the relative contribution of an-
biogenic precursors in this region, indicating that they cannothropogenic and biogenic precursors to the SOA formation
be neglected in urban modeling studies. and the uncertainties are still significant (e.g. Williams et al.,
2007; Kleindienst et al., 2007).

Climate and air quality models often underpredict the mea-
sured concentrations of organics in urban and remote areas,
1 Introduction mainly because the processes involved in the formation and

aging of secondary organic aerosols (SOA) are not well un-
There is growing evidence that organic aerosols affect cli-derstood (e.g. Zhang et al., 2006). According to the study
mate (IPCC, 2007) and human health (Pope and Dockenyby Volkamer et al. (2006) this underestimation is a already a
2006) in proportions that are at present underestimated. Refactor of 3 shortly after the start of the photochemistry and
cently, carbonaceous matter has been identified as one of theaches a factor of 8 in urban areas and increases as the air
two largest components of fine particles (together with sul-mass ages when using very conservative (favoring SOA) as-
fate) over many continental regions of the Northern Hemi- sumptions in the model. Model comparisons using total OC
sphere, including North America, Europe, and East Asia asor OA show lower underestimations, as expected due to the
well as in the free troposphere (Murphy et al., 2006; Zhang etinfluence of POA and sometimes also due to POA overesti-
al., 2007; Yttri etal., 2007). OA is composed of both primar- mation (de Gouw and Jimenez, 2009). These poor modeling
ily emitted compounds such as hydrocarbons and fatty acidsiesults translate into large uncertainties on estimated global
and also of chemically processed organic material (i.e. SOAproduction of secondary organic aerosols (70-205 Tg&;yr
most of which is operationally-defined as water-soluble un-Hallquist et al., 2009) as well as on their contribution to
der high-dilution (Kondo et al., 2007; Docherty et al., 2008) aerosol indirect radiative forcing that was qualified as an area
although it is generally not very hygroscopic (e.g. Ervens etof “low level of understanding” by IPCC (2007).
al., 2007; Clarke et al., 2007; Cubison et al., 2008). OA- The modeling of SOA formation and aging is currently
containing particles actively contribute to aerosol radiative one of the most challenging and most controversial aspects
forcing by scattering and absorbing solar radiation, and byof aerosol research (Kanakidou et al., 2005; Hallquist et
acting as condensation nuclei for cloud formation (Facchinial., 2009). Most 3-D models use a semi-empirical SOA ap-
etal., 1999). In addition, OA contains primary species suchproach (Odum et al., 1996; Pankow, 1994) based on the gas
as polycyclic aromatic hydrocarbons (Marr et al., 2006) andphase oxidation of VOC precursors followed by gas-particle
secondary species such as quinones (Tao et al., 2003) thaartitioning of two semivolatile products onto existing or-
have been recognized as highly toxic for human health. Deganic particles depending on local temperature and organic
spite their abundance in the troposphere and their adversgass concentration. The saturation concentrations of the
effects, organic aerosols are currently the least characterizesemivolatile products are derived from fits to measurements
species of all fine aerosol components in terms of both theifrom smog chamber experiments of the oxidation of individ-
chemical composition and spatial distribution. This charac-ual VOCs. The effect of temperature on saturation concen-
terization is all the more challenging as organic aerosol is aration is taken into account using a lumped enthalpy of va-
complex mixture of hundreds of chemically active individual porization (Pun et al., 2003; Donahue et al., 2006). Generally
compounds (Murphy, 2005) among which many have not yetonly the lumped first (of early) generation oxidation products
been identified. Hamilton et al. (2004) identified more than from aromatic (e.g. toluene and xylene) and terpene precur-
ten thousand compounds in an OA sample from London, UK sors are considered. Only a few models use a more detailed

The molecular-level identity of the majority of the OA representation of the gas-phase chemistry of SOA precursors
mass is unknown (Turpin et al., 2000). For instance, gaswhile still using lumping and surrogate compounds (Griffin
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et al., 2002). Fully explicit models have been developed but Results from both surface and airborne measurements of
are too computationally expensive for 3-D applications (e.g.the aerosol composition indicate that Mexico City’s fine par-
Johnson et al., 2006; Camredon et al., 2007). Several limificles are dominated by organic material (e.g. Salcedo et al.,
tations related to these modeling approaches have been di2006; DeCarlo et al., 2008; Aiken et al., 2009a). The box-
cussed in recent studies (Chung and Seinfeld, 2002; Donmodel study by Volkamer et al. (2006) could only explain
ahue et al., 2006; Simpson et al., 2007; Hallquist et al., 200935% (12%) of the observed OOA concentrations in the morn-
Camredon et al., 2007). ing (afternoon) from traditional anthropogenic precursors
In the past few years, evidence for new precursors andmostly aromatics) inside the city during a case study with
pathways to SOA formation have been identified from mea-very low regional or biomass burning influence. Dzepina et
surements including oligomerization (Jang et al., 2002;al. (2009) have recently revisited that case study and shown
Kalberer et al., 2004; linuma et al., 2004), agueous-phasé¢hat even with updated aerosol yields, traditional precursors
production in clouds (Warneck, 2003; Lim et al., 2005; Liu fail to explain more than 15% of the observed OOA growth
et al., 2009), SOA formation from semivolatile and interme- during that case study. Given the high correlation of organic
diate volatility primary compounds (Robinson et al., 2007), aerosols with CO and HCN, several studies concluded that
and SOA formation from very volatile species such as gly-anthropogenic activities and biomass burning are the main
oxal (Volkamer et al., 2007). Kroll et al. (2006) and Pun and sources of organic aerosols in the Mexico City area during
Seigneur (2007) have shown that species such as isopreribe warm dry season (e.g. DeCarlo et al., 2008; Crounse et
that were previously considered not to form SOA, are likely al., 2009).14C analyses have attributed 30—75% of the total
to act as SOA precursors, and similar findings were recentlycarbonaceous aerosol observed at the city center to “mod-
reported for benzene by Martin-Reviejo and Wirtz (2005) ern” carbon sources (i.e. biomass and agricultural burning
and for acetylene by Volkamer et al. (2009). The nighttime activities, vegetation emissions, and urban sources of mod-
oxidation of isoprene by N@radicals has also been shown ern carbon such as food cooking and biofuel use; Hildemann
to contribute to SOA formation (Ng et al., 2008). A recent et al., 1994; Aiken et al., 2009b; Marley et al., 2009), the
chamber study by Song et al. (2007) suggests that SOA forbalance being due to "fossil’carbon (i.e. POA and SOA from
mation from biogenic compounds is insensitive to the pres-the combustion of fossil fuels). The relative importance of
ence of hydrophobic primary particles, although the appli-“modern” carbon seems to be higher at the near-city location
cability of those results to real POA is under investigation. (T1) than within the city (TO) suggesting a larger regional in-
Their work suggested that the traditional assumption of afluence of non-fossil OA sources. This fraction is consistent
well-mixed organic phase (POA+SOA) may be inaccurate,with data reported in Europe (Szidat et al., 2004) and in the
which would have the tendency to artificially enhance modelUS (Hildemann et al., 1994; Lemire et al., 2002), which sug-
SOA yields. gest dominant biomass contribution to SOA production. It is
Improved SOA modules that integrate these recent adhowever unclear what proportion of this modern carbon orig-
vances are under development and need extensive evaluatiamates from regional biomass burning vs. biogenic SOA vs.
against chamber and ambient aerosol data. Assessment of thieban sources such as food cooking. Inside Mexico City the
significance of some of the above mentioned SOA formationformation of biogenic SOA is reported to be small, e.g. in a
pathways (including the role of biogenic isoprene) in an ur-box-model framework Volkamer et al. (2006) report that iso-
ban polluted environment is precisely one of the objectivesprene and terpenes contribute less than 5% to the total VOC-
of the present modeling study in Mexico City. OH reactivity while Dzepina et al. (2009) report that those
Modeling of organic aerosols had suffered for a long time species account for2% of the SOA predicted to form from
from the limited availability of ambient OA measurements these biogenic precursors inside the city. Their studies were
(including speciation and tracers) due to the high cost, lowhowever intended to look only at stagnant conditions because
sensitivity, and low time and size resolution of most OA the box model calculations could not account for transport.
measurement methods until recently (McMurry et al., 2000).Since stagnant conditions are infrequent in Mexico City, the
The MILAGRO (Megacity Initiative — Local and Global regional effects are likely to be important. A more significant
Research Observations) field experiment that took place ircontribution of BSOA would be expected for this tropical re-
Mexico City during March 2006 provides in that perspec- gion where biogenic emissions (Guenther et al., 1995) and
tive a unique dataset to study the formation and evolution ofconcentrations of hydroxyl radicals are at their maximum.
organic aerosols and their precursors (Molina et al., 2008)We are not aware of any studies that have evaluated the im-
Extensive measurement of meteorological variables, gaseoysortance of biogenic SOA on the region around Mexico City.
and aerosol pollutants and radiative properties were collectetiowever, the high fraction of modern carbon observed even
at several urban and near-urban sites as well as aboard ré periods with low biomass burning (Aiken et al., 2009b)
gional aircraft flights with the purpose of characterizing the provides additional motivation to investigate this topic.
chemical nature and spatial extent of the urban plume, and In this study, we use measurements from several Aerodyne
its transformations during the outflow. Aerosol Mass Spectrometers (AMS) taken at three ground
locations in order to evaluate the skill of the urban-scale
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chemistry-transport model CHIMERE in simulating OA also includes IMADA-AVER in 1997 (Edgerton et al., 1999)
within the Mexico City metropolitan area. The main focus and MCMA-2003 (Molina et al., 2007).

of the study is to investigate the efficiency of various SOA To evaluate the model results for POA and SOA within the
formation pathways represented in the model and to quaneity basin we use AMS measurements of submicron aerosols
tify the relative contribution of anthropogenic and biogenic (approx. PM) collected at two supersites (Fig. 1a) at the
SOA precursors. We compare the measurements to resuligstituto Mexicano del Petroleo (designed as TO) and Uni-
from Positive Matrix Factorization of AMS spectra (PMF, versidad Technologica de Tecamac (T1). Data collected by
Ulbrich et al., 2009; Aiken et al., 2009a, b) which allow the the Aerodyne Mobile Laboratory located on an elevated site
guantification of hydrocarbon-like OA (HOA, a chemically- of Pico Tres Padres (PTP, 900 m above city ground) on the
reduced component which is considered a surrogate for urNorth of Mexico City are also used. The AMS and its cali-
ban POA, including sources such as meat cooking), oxy-bration and data analysis techniques have been described in
genated OA (OOA, an SOA surrogate), and biomass burningletail elsewhere (Canagaratna et al., 2007, and references
OA (BBOA). Being able to quantify separately the BBOA therein). The AMS at TO was a high-resolution time-of-
fraction allows estimating errors related to the modeling of flight AMS (DeCarlo et al., 2006) while those at the other
primary organic aerosols from biomass burning that are dif-two sites were compact time-of-flight versions (Drewnick et
ficult to predict in models due to large uncertainties in emis-al., 2005) which report unit mass resolution data. Detailed
sion factors and the amount of biomass burned (Fast et alanalyses and intercomparisons of the AMS data are reported
2009; Aiken et al., 2009b; Zaveri et al., 2008). In particular, in separate publications (Aiken et al., 2008, 2009a, b; Hern-
small burning activities (i.e. trash and agricultural fires) aredon et al., 2008; Paredes-Miranda et al., 2008; Zheng et al.,
not detected by satellites and therefore not accounted in th2008; de Gouw et al., 2009; Huffman et al., 2009; Yu et
emissions retrievals (Yokelson et al., 2009). al., 2009). The TO AMS +refractory measurements (Aiken

Because of the great diversity of SOA formation and evo-€t al., 2009a) showed overall composition, diurnal cycles,
lution processes we limit the discussion in this paper toand size distributions that were similar to those from pre-
formation processes that control concentrations of organid/ious data collected at another urban site during the MCMA-
aerosols within the city (close to the emission sources). The2003 campaign (Salcedo et al., 2006). Aiken et al. (2009a)
evolution and aging of the organic aerosols in the outflowand Paredes-Miranda et al. (2009) present intercomparisons
of the Mexico City plume will be addressed in future stud- Which are consistent with the AMS accuracy25%. The
ies. The present paper is organized as follows: the MILA-AMS spectra are analyzed with the PMF technique (Paatero
GRO measurements and model configuration are describe@nd Tapper, 1994) as described by Ulbrich et al. (2009) and
in Sects. 2 and 3, respectively. In Sect. 4, the model abil-Aiken et al. (2009a). The absolute uncertainty of the AMS
ity to represent the transport and mixing of pollutants within concentrations is=25% and is dominated by the uncertainty
the city is evaluated by examining meteorological variablesin particle collection efficiency, while the relative uncertainty
and primary emitted pollutants. In Sect. 5, model predictionsin the separation of PMF components is of the order of 10%
of primary and Secondary OA are assessed against AMS re(somewhat lower for hlgh resolution data vs. the unit resolu-
sults, and the relative contribution of the major SOA forma- tion data). It should be noted that AMS data are reported for
tion pathways is discussed. Section 6 summarizes the cormbient atmospheric conditions (T & P) for all three sites, as

clusions of the study. is the model output.
Observed PBL heights were derived by Shaw et al. (2007)

from measured vertical gradients in the radio refractive in-

dices and light scattering obtained by radar wind profilers
2 Ground observations during the MILAGRO field and a lidar, respectively. Uncertainties associated with these

project retrievals are of the order of a few hundred meters.
In addition to the MIRAGE dataset, model results have

The MILAGRO (Megacity Initiative: Local and Global Re- also been assessed against surface chemical and meteoro-
search Observations) field project took place in Mexico City logical data collected by the RAMA monitoring network.
in March 2006. During 1 month an extensive set of measure-Comparisons were performed at measurement locations (see
ments of meteorological variables, gas and aerosol pollutanFig. 1) for hourly concentrations of ozone, carbon monoxide,
concentrations, chemistry and radiation was collected frommitrogen oxides and particles as well as meteorological data
ground platforms, aircrafts and satellites, and made publiclyincluding surface temperature, relative humidity, wind speed
available through NCAR, NASA, and DOE data portals. The and wind direction.
summary of scientific objectives and experimental design is
described by Molina et al. (2008). In this section we briefly
present characteristics of measurement sites and data sets
used in this study. MILAGRO is the largest of a series of
international campaigns in and around Mexico City, which
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99°30'W 99°15'W  99°W  98°45'W 98°30'W 3 Air quality model CHIMERE
x x x x x

3.1 General model description

In order to simulate the formation and transport of major
20°N primary, photo-oxidant, and aerosol pollutants over Mexico
City, the meso-scale chemistry-transport model CHIMERE
is applied. CHIMERE has been widely used in Europe for air
quality process studies (e.g. Bessagnet et al., 2004; Hodzic et
19°40'N al., 2004), operational forecastingt{p://www.prevair.ord
and inverse modeling of emissions (e.g. Konovalov et al.,
2007). Although this is the first time it has been applied
in a highly polluted megacity-type environment, its perfor-
19°20'N mance in simulating aerosols has been demonstrated within
several model inter-comparison studies (e.g. Stern et al.,
2008) and field projects (e.g. Hodzic et al., 2006a) in Eu-
rope. Improving the representation of organic aerosols con-
19°N stitutes one of the major challenges for CHIMERE (Bessag-
net et al., 2009). A detailed description of the model is
f x x x x presented in previous references and can also be found on

20°N

19°40'N

19°20'N

19°N

99°30'W 99°15'W  99°W  98°45'W 98°30'W http://euler.Imd.polytechnique.fr/chimena this section, we
briefly describe the aerosol module and the updates that have
I -j been included for the purpose of this study.
Tropospheric photochemistry is represented using the
05 1 15 2 25 3 35 4 45 5 55 6 65 7 H H H H
HEW W d0mw to0w  esw oW ssW MELCHIOR chemical mechanism (Lattuati, 1997) that in-

cludes 120 reactions and 44 prognostic gaseous species.
In addition to gaseous pollutants, 10 aerosol components
are considered in the present application, including primary
organic (POA) and black (BC) carbon, other unspecified
primary anthropogenic components, wind-blown dust, sec-
ondary inorganics (sulfate, nitrate and ammonium) as well as
secondary organic aerosols from anthropogenic and biogenic
origin, and particulate water. The size distribution is repre-
sented using a sectional distribution, considering 8 size bins
geometrically spaced from 40 nm to Aén in physical diam-
eter. The thermodynamic partitioning of the inorganic mix-
ture (i.e. sulfate, nitrate, and ammonium) is computed using
the ISORROPIA model (Nenes et al., 1998). The dynami-

28°N —

26°N —

24°N —

22°N —

20°N —

18°N —

16°N —

14°N —

12°N

L 10°N

10°N

T I T T I

110°W 105°W 100°W 95°W 90°W . . .
cal processes influencing aerosol growth such as nucleation,

HEE BEE B coagulation and absorption of semi-volatile species are in-
001 008 005 007 009 011 013 cluded in the model as described by Bessagnet et al. (2004).

The wind-blown dust is accounted for in the model follow-
ing Vautard et al. (2005). Heterogeneous chemical processes

gion. Runs were performed @) fine (i.e. 5<5 ki?) and(b) coarse onto particles (_Hodzic et al, 2006_b) and a simplified sulfur
(i.e. 35x35kn?) horizontal resolution respectively. The small- 2qUEOUS chemistry are also Con5|dered._ Dry and wet depo-
scale domain extends from 101W to 98.2 W and 18.6 N to  Sition for all gaseous and aerosols species are computed as
21.1° N, and is embedded into the coarse-scale domain. The con@ function of the friction velocities and stability of the low-
tours represent the distribution of emissions (Tongiktay) aver-  est model layer (Wesely, 1989), and as a function of grid-
aged over 4-30 March 2006 period for (a) anthropogenic CO in theaveraged precipitation rates and cloud water content (Tsyro,
vicinity of the Mexico City and (b) regional isoprene estimates from 2002; Loosmore and Cederwall, 2004), respectively. Clear
the MEGAN model. The location of MILAGRO field campaign sky photolysis rates are calculated off-line based on the TUV
measurement sites used in this study including supersites (TO, Tl0del (Madronich et al., 1998), and they are modified when

T2), mobile site of Pico de Tres Padres (PTP, cross north of TO) anqn the presence of clouds. The effect of aerosols on photoly-
RAMA monitoring air quality network (dots) are also included. Iso- sis rates is not included (Hodzic et al., 2007)
contours indicate the terrain height, with contours from 1 to 4 km. v '

MC indicates the location of Mexico City.

Fig. 1. CHIMERE geographical domains used over the Mexico re-
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3.2 SOA formation from anthropogenic and biogenic In this study all hydrophilic oxidation products (e.g.,
VOC precursors AnAOD, AnA1D, AnA2D) were grouped into a single surro-
gate compound (i.e. AnA1D for anthropogenics and BiA1D
Modeling of secondary organic aerosol formation requiresfor biogenics) in order to increase computational efficiency.
(i) a gas-phase mechanism to predict the rate of formation ofrhe stoichiometry coefficient for this product was derived
semivolatile products from the oxidation of VOCs, and (i) @ from the sum of the stoichiometry coefficients of individual
thermodynamic module to predict the gas-particle partition-hydrophilic oxidation products used in the base model pre-
ing of these species. In CHIMERE, SOA formation is repre- sented in Pun et al. (2005, 2006). According to several stud-
sented according to a simplified approach described by Pufes (Griffin et al., 2002; Pun et al., 2003; Varutbangkul et al.,
et al. (2005, 2006). The performance of this SOA formation 2006; Prenni et al., 2007) based on laboratory experiments,
mechanism has been assessed mainly against smog chambgést SOA products present in the particulate phase are not
data (Pun et al., 2006), and with total daily-averaged OC convery hydrophilic. Therefore, grouping hydrophilic oxidation
centrations in the US (Pun et al., 2003) and Europe (Bessagproducts into a single hydrophilic compound (AnA1D for an-
net et al., 2009). In the present study, the predicted SOAhropogenic and BiA1D for biogenic species) with moderate
from CHIMERE will be evaluated for the first time against saturation vapor pressure characteristics is not expected to
AMS measurements offering high temporal resolution andgreatly impact the predicted SOA mass and seems to be a
some chemical/source resolution. reasonable assumption in this study.
In this work we assume that all gaseous semi-volatile
organic species undergo dry deposition based on We-

The MELCHIOR gas-phase mechanism has been extendeﬁEIy (1989). As the deposi.tion velocitigs_, for thesg_ species
to account for one-step lumped oxidation of aromatic and ave not yet begn .determlned, deposition vglpuﬂes have
biogenic compounds as shown in Table 1 (Pun et al., 2005E)_een calculated_ S|m|I_ar to NOThe actual deposition veloc-_
2006; Bessagnet et al., 2009). For anthropogenic comlt'es of thg semivolatile ar_1d at least somewhat polar species
pounds, three families of precursors are considered in—that partmo_n to SOA are I|kely_to be Iargerthan.that OfNO. .
cluding benzene, toluene and other mono-substituted arohowever this assumption provides a conservative upper I".T"t
matics (TOL); xylene, tri-methyl-benzene and other poly- of the amount of SOA that the model can produce. Consid-

substituted aromatics (TMB); and higher alkanes. The gas_eration of dry deposition with the N{deposition velocity

phase chemistry (oxidation by OHz@nd NG) of four bio- is expected to lower the predicted SOA concentrations by
onos ) X e
genic SOA surrogates are considered in this study includ—_10 20% with respect to a run in which dry deposition was

ing «-pinene and sabinene (APIN3:pinene and3-carene ignored (Bessagnet et al., 2009).
(BPIN); limonene (LIM); ocimene and myrcene (TPO). Day-
and nighttime chemistry of isoprene has been added for thi

study as described below. Other reactive biogenic VOCsT . e .
. ; he gas/particle partitioning is treated as an external mix-
such as sesquiterpenes are not considered here because tqgw

emissions are highly uncertain. Recent work by Liao et re of hydrophilic and hydrophobic particles (Pun et al.,

al. (2007) indicated a small contribution of these precursor52006)' Hydrophilic SOA surrogates dissolve into existing

to SOA formation compared to isoprene and monoterpeneaqueous particles (associated with the inorganic phase) fol-

) . .. “lowing Henry's law. Hydrophobic SOA surrogates absorb

while other studies have reported a comparable contribution . : . o )
L into organic particles according to equilibrium gas/particle

to SOA among these three sets of precursors (Kleindienstet .- <" ;

al., 2007) partitioning (Raoult’s law) between the aerosol phase and

The condensable oxidation products from both anthro-928 phase. The equilibrium concentrations are a function of

oaenic and biogenic precursors are lumped into 9 arou the particle chemical composition, temperature and relative
pog 9 prect P 9 p?]umidity for hydrophilic species (Pun et al., 2006). Simi-
of surrogate compounds (i.e. AnAOD, AnALD, AnA2D, lar to Bessagnet et al. (2009), the mass transfer between gas
AnBmP, AnBIP, BIAOD, BiA1D, BiA2D, BiBmP) accord- 9 ' ’ g

. . . . . . . and aerosol phases is represented by dynamic gas-particle
ing to their physico-chemical properties including their hy- absorption th[()aory for each: aerosol si;/e t};in. Hov?/evepr) un-

drophobicity, acid dissociation and saturation vapor pressure, i Bessagnet et al. (2009) that used both inorganic and

(see Table 2). As explained by Pun et al. (2006), the physico- : o )
. ! . secondary organic aerosol mass for the partitioning of semi-
chemical properties of surrogate species, such as the mole¢-_, . X ; o )
. . volatile organics to obtain an upper limit of SOA formation,

ular weight, are determined based on the structure and func- o e o .
even though equilibrium partitioning of SOA into inorganic

tional groups of each surrogate compound. The Henry’s law erosols has not been demonstrated experimentally, we use

consf[ant and thg saturation vapor pressure of the surrogaf% this study the better justified assumption of semivolatile
species are derived from the geometric average property of _ .~ ~ "~ : X
the group partitioning into a well-mixed organic phase (POA+SOA).

This results in a considerably lower, but presumably more
realistic, amount of SOA being formed by the model at the

3.2.1 Gas-phase chemistry of precursors

9.2.2 Gas/particle partitioning of condensable material

Atmos. Chem. Phys., 9, 6948982 2009 www.atmos-chem-phys.net/9/6949/2009/



A. Hodzic et al.: Modeling organic aerosols during MILAGRO

6955

Table 1. Gas-phase chemical mechanism for SOA formation as used in the CHIMERE model.

VOC Precursors Oxidation Reactions

Kinetics famolec1s~1)

Toluene
Tri-methyl-benzene
Higher alkanes
a—pinene and sabinene

ALK+ OH—0.07 AnBmP
APIN OH—0.57 BIA1D

APIN2+NO3—0.80 BiBmP
APIN2+ 03— 0.39 BIA1D

B—pinene and3-carene  BPIR+OH—0.21 BiA1D

TOR-P + OH—0.005 AnA1D +0.084 AnBmP +0.013 AnBIP
TMBY + OH—0.005 AnA1D +0.088 AnBmP +0.006 AnBIP

1.810 12 exp(355/T)

9.800° 9T
1.36:10~ 12exp(190/T)(300/T) 2
1.21x 10711 exp(444/T)
1.1%10 12 exp(490/T)
1.0 10 Pexp(-732/T)
2.38<10 M exp(357/T)

BPIN?+NO3;—0.80 BiBmP 25k10°12
BPIN?+03—0.26 BIA1D 1.50¢10~17
Limonene LIM*+ OH—>0.455 BIA1D 1.7x10°10
LIM@+ 03—0.19 BIA1D 2.0<10°16
Octimene and mycene TP® OH—0.775 BIA1D 5.1x10-16/T
TPO*+ NO3—0.775 BiA1D 4.310°9T
TPCO?+ 03— 0.555 BiA1D 7.5¢107 14T
Isoprene IS&+OH—0.2321S01 +0.0288 ISO2 2.580 exp(410/T)
ISO®+NO3—0.089 1SO3 +0.203 1SO4 7010713

@ Simplified mechanism based on Pun et al. (2005, 2006); in this study all hydrophilic oxidation products were grouped into a single surrogate
compound (AnA1D for anthropogenics and BiA1D for biogenics) in order to increase the computational efficiency. The stoichiometric
coefficient for this product was derived from the sum of the stoichiometric coefficients of individual hydrophilic oxidation products used

in the base model presented by Pun et al. (2005, 2006). According to several studies (e.g. Pun et al., 2003, 2006) based on laboraton
experiments, most SOA products present in the particulate phase are hydrophobic (Pun et al., 2003->r8péftted hydrophobic SOA

in their simulation in the southern US). Therefore, grouping hydrophilic oxidation products into a single hydrophilic compound (AnA1D

for anthropogenic and BiA1D for biogenic species) with moderate saturation vapour pressure characteristics is a reasonable assumption
The following molecular weight (g/mol) and enthalpy of vaporization (kJ/mol) were considered for SOA surrogates: AnAlD (168 g/mol;

88 kJ/mol), AnBmP (152 g/mol; 88 kd/mol), AnBIP (167 g/mol; 88 kd/mol), BiA1D (170 g/mol; 88 kd/mol), BiBmP (236 g/mol; 175 kJ/mol).

b Emissions of anthropogenic VOCs are grouped into classes of precursors: all mono-substituted single-ring aromatic compounds such as
toluene and ethylbenzene are combined as high SOA yield aromatic precursors with toluene (TOL) as representative precursor. All poly-
substituted single-ring aromatic compounds such as xylene and trimethylbenzene are combined as low SOA yield aromatic precursors with
trimethylbenzene (TMB) as representative precursor (Pun et al., 2006).

C similar to Bessagnet et al., (2009).
d Henze and Seinfeld (2006) formulation under low-Néonditions;
€ Nighttime chemistry of isoprene following Ng et al. (2008).

Table 2. Proprieties of hydrophobic organic aerosols in CHIMERE
following Pun et al. (2005, 2006) and Henze and Seinfeld (2006).

Condensable  Saturation concentrationVaporization enthalpy

Species fg/m3) (kJ/mol)
AnBIP 1.8x102 88
AnBmP 245 88
BiBIP 9.6x10°3 175
BiBmP 3.8 175
ISO1 116 88
1SO2 0.62 88
ISO3 5495 88
1SO4 21739 88

@ The partitioning parameters are given at 298K for AnBIP,
AnBmP, BIiBIP, BiBmP, and 295K for isoprene derived species.

www.atmos-chem-phys.net/9/6949/2009/

regional scale compared to the model formulation of Bessag-
net et al. (2009). In this study POA species are treated as
non-volatile.

3.2.3 Additional SOA formation pathways considered
in this study

In addition to the SOA module based on Pun et al. (2005,
2006), we consider here two newly recognized SOA forma-
tion pathways including the oxidation of isoprene by OH
(Henze and Seinfeld, 2006) and the nighttime oxidation of
isoprene by nitrate radicals (Ng et al., 2008).

Recently, isoprene has been identified to significantly con-
tribute to SOA formation (e.g. Limbeck et al., 2003; Claeys
et al., 2004; Kroll et al., 2006). Henze and Seinfeld (2006)
have reported an increase of a factor of 2 in predicted SOA
concentrations at the global scale after accounting for SOA
formation from isoprene. Within the CHIMERE model, SOA

Atmos. Chem. Phys., 9, 69822009
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production from isoprene is represented according to thesion inventory (CAM, 2004). This emission set has already
two-product parameterization under low-N€bnditions de-  been used and evaluated in previous modeling studies over
veloped by Henze and Seinfeld (2006) based on experimenMexico City (Lei et al., 2007; Fast et al., 2009). The method-
tal data from Kroll et al. (2006). Table 1 presents the first- ology used to derive spatially and temporarily resolved emis-
generation oxidation of isoprene by OH leading to the forma-sions from total annual quantities reported in the inventory
tion of two semivolatile products (ISO1 and 1SO2) that canis described by Lei et al. (2007). The total annual emis-
be absorbed into aerosols following gas/particle equilibriumsions of VOCs, CO, N@Q and aerosols for various source
partitioning theory (see Table 2). categories including mobile, area and point sources were
In addition to the daytime chemistry of isoprene, it has transformed into temporally resolved and chemically speci-
been observed that isoprene mixing ratio drops rapidly aftelated emission data: (i) the diurnal cycle was applied for all
sunset when OH radicals are no longer available (e.g. Stroudpecies based on West et al. (2004); (ii) the weekend effect
et al., 2002). The rapid reaction with nitrate radicals,dNO was also considered based on traffic count information for
is believed to be the major contributor to isoprene decay alCO and resulted in an decrease of total emissions by 10%
night, leading to the formation of low-volatility products (Ng for Saturdays and 30% for Sundays compared to week-day
et al., 2008; Brown et al., 2009). Table 1 presents the reacemissions; (iii) the volatile organic compound (VOC) spe-
tion of isoprene and N@as it was included into CHIMERE. ciation was performed following the procedure described in
This first-generation oxidation leads to the formation of two Velasco et al. (2007). Based on an extensive comparison with
semivolatile reaction products (ISO3 and 1SO4) that can fur-the ground observations from the 2003 MCMA field experi-

ther be partitioned to the aerosol phase (Table 2). ment, Lei et al. (2007) have adjusted the emissions for VOC
species used in the present inventory to better match the ob-
3.3 Model configuration and simulation design for MI- served values. That resulted in an increase of 65% of the
LAGRO VOC total emitted mass, but with variable adjustment for in-
dividual VOCs components. Outside Mexico City we com-
3.3.1 Model setup plemented the MCMA emission inventory by the regional

NEI 1999 emissions (M. Mena, personal communications,
CHIMERE baseline and sensitivity simulations are per-2007). The description of the inventory can be fountt:
formed locally over the Mexico City area using a one-way //mexiconei.blogspot.comFast et al. (2009) suggest that the
nesting procedure where a coarse simulation with a 35 kmMCMA inventory is more accurate than the NEI for CO and
horizontal resolution over all of Mexico and the North of EC. Total emission rates over fine and coarse model domains
Central America (Fig. 1) is first carried out. Boundary con- are summarized in SlI-Tablehttp://www.atmos-chem-phys.
ditions for this regional simulation are provided by monthly net/9/6949/2009/acp-9-6949-2009-supplementfpdfsev-
climatology of the LMDZ/INCA global chemistry-transport eral gaseous and aerosols species used in this study.
model (Hauglustaine et al., 2004) for gaseous species and the Emissions from biomass burning activities are accounted
GOCART model (Ginoux et al., 2001) for aerosol species.for in the present study with the same procedures as in Fast et
Concentrations from this regional simulation are then usedal. (2009) and resulting in similar predicted concentrations.
every hour to force at the boundaries the higher resolutiorEstimates of daily emissions of trace gases and primary par-
simulation (5<5 km?), performed over a nested grid of Mex- ticles together with their geographic location were derived
ico City and surrounding region (Fig. 1). Vertically, ter- from satellite data as described by Wiedinmyer et al. (2006)
rain following hybrid sigma-pressure coordinates are usedand included within the CHIMERE model following Hodzic
including 20 vertical layers, unequally distributed betweenet al. (2007).
the ground and the 300 hPa pressure level.

The meteorological input fields are taken from the MM5 3.3.3 Biogenic emissions

mesoscale model (Dudhia et al., 1993). MM5 is initialized
and forced at the boundaries by the 6-hourly analyses of thélourly emissions of nitrogen oxides and eight biogenic VOC
AVN model of the National Centers for Environmental pre- species (isopreney-pinene, g-pinene, myrcene, sabinene,
diction (NCEP), given on a°k1° grid. In order for the limonene,s3-carene, ocimene) are considered in this study.
model to stay close to the analyses for this month-long sim4n the standard configuration of CHIMERE biogenic emis-
ulation, the nudging option is used above the boundary layesions are calculated using the algorithms of Guenther et
throughout the MM5 model domain for wind and tempera- al. (1995), combined with emissions factors for European

ture. species (e.g. emission potential, foliar density, tree distri-
bution) developed by Simpson et al. (1999). As such char-
3.3.2 Anthropogenic emissions acterization of the vegetation is not available for the Mex-

ico City region, biogenic emissions were generated using the
Anthropogenic emissions for the Mexico City metropolitan global scale model MEGAN (Model of Emissions of Gases
area (MCMA) are based on the 2002 official Mexican emis-and Aerosols from Naturéjtp://bai.acd.ucar.eddeveloped
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Table 3. Description of the CHIMERE model simulations carried out in this study.

Name of the experiment  Description of the model run

ANT-T SOA formation from only anthropogenic VOC precursors with traditional partitioning theory

ANT-EP Similar to ANT-T with enhanced partitioning efficiency toward aerosol phase

BIO-T SOA formation from both biogenic and anthropogenic VOC precursors with traditional partitioning theory
BIO-ANT Similar to BIO-T with isoprene emissions from anthropogenic sources

BIO-EP Similar to BIO-ANT with enhanced patrtitioning efficiency toward aerosol phase

BIO-NT Similar to BIO-ANT including the nighttime production of SOA from isoprene

by Guenther et al. (2006). The emission rates are deter3.3.4 Simulations

mined as a function of (i) gridded emission factors aver-

aged over local plant functional types (i.e. needleleaf treesFor this study, the CHIMERE model is run from 1 to 31
broadleaf trees, shrubs, grass, crops) at standard condition¥larch 2006 for both regional and urban-scale simulations. A
and (i) several activity factors that account for variations 3-day spin-up, from 1 to 3 March, is considered to initialize
of environmental conditions with respect to the standard.the model from climatological values and the model predic-
The driving environmental variables are (i) monthly mean tions for this time period are not used for comparisons with
leaf area index (LAI) provided with MEGAN and derived Observations. Several model simulations were carried out
from satellite observations, and (ii) ambient temperature andsee Table 3) in order to determine the relative contribution
short-wave radiation supplied at hourly rates by the MM5 to SOA formation of various precursor sources including an-
model. The variation of LAl is used to calculate a leaf- thropogenic, biogenic and biomass burning emissions, and to
age activity factor, while the other two variables are used€valuate the sensitivity to the gas/particle partitioning param-
to simulate the hour|y Vegetation response to leaf tempereters. For Comparison with measurements, the simulated pa-
ature and photo-synthetically active radiation respectively.rameters are spatially and temporally interpolated at the loca-
The evaluation of the MEGAN model with regard to iso- tion of the measurement sites. The ground measurements are
prene emissions has been extremely limited, and mainlcompared with the model's lowest level (about 25m above
based on in-situ flux measurements or satellite data of isothe surface). Only predicted organic aerosols from the lower
prene reaction products such as formaldehyde. Muller efive size bins (below 1.2m in diameter) were considered for

al. (2008) have reported a reasonable agreement betwedhe comparison with AMS measurements. The size cut of the
simulated and measured isoprene fluxes over the Southerfiodel is larger than that of the measurements, and this intro-
US, while Warneke et al. (2009) report a slight overesti- duces some additional uncertainty in the comparisons, but it
mation of isoprene from MEGAN over the Eastern US and should provide an upper limit of the expected SOA concen-
Texas. For our region of interest, we verified that the spa-tration.

tial distribution of broadleaf trees which are the main emit-
ter of isoprene is consistent with vegetation types provided . : .
by an imljoependent data base (Glol?al Land érz)verpFacility,4 Chemical and meteorological conditions
GLCF, http://glcf.umiacs.umd.edu/ In addition, we com-
pared modeled isoprene concentrations with canister-based

measurements from the G1 aircraft that were available duringneather conditions during March 2006 were typical of the
MILAGRO (see SI-Fig. Inttp://www.atmos-chem-phys.net/  gry season in Mexico characterized by clear skies, low hu-
9/6949/2009/acp-9-6949-2009-supplemen).pdfhe com-  midity, and weak winds aloft associated with high-pressure
parison is limited to the immediate vicinity of Mexico City, systems. Afternoon maximum temperatures within the city
and shows that predicted isoprene is of comparable magniranged from 20 to 2, and surface winds were below
tude or lower than the measured values, suggesting that the m/s most of the time (Fig. 2). According to observed
isoprene emissions are not overestimated in our model. Simyjind regimes, three types of synoptic conditions were distin-
ilar results are also found for ground isoprene values Withinguished by Fast et al. (2007): (i) the first regime prior to 14
the city (as discussed in Sect. 5.4). Data are however nof1arch was characterized by a high pressure system slowly
available over forest areas in the coastal region where th?—hoving from northwestern Mexico towards the east associ-
highest isoprene emissions are predicted by the model (seged with northerly and easterly synoptic winds over Mex-
Fig. 1). ico City. (ii) the second regime between 14 and 23 March,
was associated with the passage of a weak cold surge on 14
March, the development of late afternoon convection, and
variable wind directions. The rest of this period was drier

Synoptic weather during March 2006
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Fig. 2. Time series of meteorological variables (2 m-temperature, wind speed and relative humidity) simulated by the model (full line) and
measured by RAMA network (dotted line) from 4 to 31 March 2006. 15 RAMA stations measuring meteorological data were available for
this comparison. Statistical indicators such as the bias, the Root Mean Square Error (RMSE) and the correlation coefficients (Corr.) are also
included for this comparison.

as the deep convection gradually diminished after 18 March4.2 Ozone and aerosol surface concentrations during
and synoptic winds progressively turned southwest. (iii) The the period

third regime after 23 March began with the passage of a

strong cold surge that lead to higher humidity, afternoon con- .

vection, and precipitation over the central plateau. After 25Figure 3 shows average hourly concentrations gf &dd
March, high pressure progressively developed over southerffMz.5 observed by urban stations of the RAMA network dur-
Mexico associated with westerly winds over central Mexico iN9 March 2006. Moderately high ozone levels are observed
for the rest of the month. A detailed overview of meteo- during the entire month with ozone peaks generally exceed-

rological conditions during MILAGRO can be found in the iNg 70ppbv in the afternoon, except from 18 to 20 March, a
overview by Fast et al. (2007). period during which peak concentrations remained below av-

erage. These three days were associated with stronger winds
both at the surface and aloft (not shown here), causing faster
dispersion of pollutants. Ozone diurnal variability is typi-
cal of a photochemically generated pollutant with peak con-
centrations occurring in the early afternoon (i.e. from 12:00
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to 16:00 LT). Evening concentrations decrease significantly Figure 4 shows windroses of observed and modeled winds
and remain very low<£10 ppb) during the night due to titra- for each of the 15 available RAMA surface stations. Both
tion with fresh NO emissions. Strong day-to-day variability model and measurements indicate the occurrence of weak
in the spatial distribution of ozone concentrations (also true(<5m/s) and disorganized winds during March 2006 in re-
for other species) is observed during the MILAGRO experi- lation with stagnant atmospheric conditions and valley-type
ment caused by important changes in the surface circulatiomear-surface circulation. The valley’s influence on wind di-
patterns. rection is clear for stations located at the southwest edge of
The PMs average concentrations vary from morning the city with winds predominantly from the southwest in-
peak traffic hour values of 30gm2 to an afternoon peak dicative of the down-slope circulation. This southwesterly
value of 50-55.g m~2. It is clear that aerosol has both pri- flow is qualitatively represented by the model. In the eastern
mary and secondary influences that lead to a significant inpart of the basin, surface circulation is dominated by stronger
crease of the concentrations during the morning rush housoutherly winds (up to 10 m/s) which penetrate the basin in
and then a significant mass creation in the late morning bythe afternoon through the southeast mountain gap bringing
photochemistry. As already noted by Stephens et al. (2008packground air from outside the basin (Doran and Zhong,
for PM1, the observed Pl evening peak occurs two hours 2000). Modeled southerly flow is more frequent than ob-
earlier (02:00 UTC i.e. 20:00 LT) than CO and N@Peaks served and goes deeper into the basin leading to a higher fre-
(04:00 UTCi.e. 22:00 LT), and its temporal occurrence is notquency of southerly winds at four northern stations. This
well captured by the model. The presence of a large amoungualitative comparison suggests that the model is capturing
of coarse patrticles (revealed by the difference betweefpyPM the overall features (wind direction and speed) of the near-
and PMs observations, not shown) suggests that wind-surface circulation reasonably well.
blown dust is contributing significantly to the aerosol load A more systematic comparison of measured and simu-
in the late afternoon (Querol et al., 2008) in addition to re- lated average wind speed at RAMA sites displayed in Fig. 2b
maining high levels of secondary aerosols produced duringlemonstrates the ability of the model to reasonably repro-
the daytime. The wind-blown dust is accounted for in the duce the temporal variability of the wind velocity during MI-
model, and it represents a large fraction of the predictedl AGRO. On most of the days, predicted wind speed fall into
PM_ 5 aerosol within the city (contribution ranging from 10% the observational variability interval and the overall model
up to 70% on windy days). Background concentrations arebias is small (0.21 m/s). During the day winds stay relatively
maintained over night, most likely the consequence of lim-weak (~1 m/s) until late afternoon when they increase sig-
ited vertical dispersion of primary emissions in a shallow nificantly (>3 m/s) favoring the dispersion of pollutants.
nighttime boundary layer, and of transport of regionally gen-  Figure 2 also shows temporal trends of observed and pre-
erated particulates into the basin from surrounding areas latdicted surface temperature and relative humidity averaged
in the day (Moffet et al., 2007). among all RAMA stations. Surface temperature is predicted
Unlike for other polluted cities, e.g. Paris (Hodzic et al., accurately for the entire period under study. Modeled values
2006a) or Pittsburgh (Zhang et al., 2005c), we do not ob-stay within the observational variability and are highly corre-
serve strong multi-day accumulation of pollutants within the lated with measurements (correlation of 0.97). A slight cold
Mexico City basin during March 2006 despite the fact that bias of 0.5C can be noticed mainly at night which is charac-
the daily production of primary and secondary pollutants isteristic of the MM5 model (Zhong and Fast, 2003). During
very intense. Although the city is in a basin and is mostly March 2006, the observed RH values are adequately repro-
surrounded by mountains, the valley is well ventilated at theduced by the model, except for the 5-7 March period where
end of the day as a result of converging thermally-driven cir-an overestimation of 20-30% RH in predicted values is ob-
culations (Fast and Zhong, 1998; de Foy et al., 2006) andained for nighttime values. Dryer daytime values (10-30%)
because it is open to both the north and south (see Sect. 4.3s well as the increase in humidity toward the end of March
seem correctly captured by the model for these surface sta-
4.3 Evaluation of meteorological and chemical simula-  tions. Verifying the model’s ability to reproduce the T and
tion RH is important as these parameters play a determining role

. , ) in aerosol thermodynamics and chemistry.
The meteorological variables such as wind speed and plan- Finally, a comparison of the MM5 planetary boundary

etary boundary layer (PBL) height are essential parameteqsdyer (PBL) height is performed using measurements ob-
that control the dispersion and vertical mixing of gaseous andinaq during MILAGRO. Modeled PBL height was deter-

aeros_ol pollutants. Thus, bef_ore evaluating the CHIMERE ined from the Richardson number in a similar way as in
chemistry-transport model skill to reproduce aerosol po"“'Troen and Mahrt (1986), based on a critical value (0.5) of the

tant concentrations we first examine whether these meteoy,, |k Richardson number. in the MRE PBL scheme. Figure 5a

rological variables are adequately reproduced by the MMSg4s time series of observed and predicted PBL heights at
meteorological model during the period of interest. the urban site of T0. Observed and simulated PBL height

ranges from 2.5 to 4km during the day. The comparison

www.atmos-chem-phys.net/9/6949/2009/ Atmos. Chem. Phys., 9, 6982-2009
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Fig. 3. Major pollutant concentrations as observed by air quality stations of the RAMA network (dotted line) and simulated by the CHIMERE
model (full line, BIO-EP run) from 4 to 30 March 2006 (left panel). The variability among observations is denoted by gray shading and
main statistical indicators for the comparison are also given (bias, RMSE and correlation coefficient Corr.). The right panel represents the
corresponding diurnal cycles in UTC time for each pollutants averaged over all stations. The correspondence with the local time (LT=UTC
— 6h) is also indicated on the upper x-axes. Model is solid line with error bars, observations are hourly points with shaded areas. All
available measurements have been considered for this comparison (i.e. 21 ozone stationsstBiti@; 25 CO stations, 8 P stations).

The description of the RAMA network including the location of stations dedicate to the monitoring of each pollutant can be found at
http://www.sma.df.gob.mx/simat/

reveals a slight underestimation of the observed PBL heighseems to occur 1 h earlier in the model than observed. The
for a few specific days, but this behaviour is not a persis-diagnosing of the PBL height seems to be more challenging

tent bias. Following Fast et al. (2009), the comparison offor the model during the late afternoon and over night, as the

observed and predicted average diurnal PBL depth profilepredicted PBL collapses 2 h sooner than observed, and stays
provides a better understanding of the model behaviour at T&ignificantly lower over night.

and T1. The sharp ascent of the PBL in the late morning
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guishing between the top of the residual layer and the shal-
low inversion layer that develops during this transition pe-

Fig. 4. Wind roses as observed (upper) and predicted (lower plot) . . . .
at RAMA stations within the Mexico City basin indicating both the riod.  PBLH measurements from radiosondes confirm this

wind direction and the wind speed (m/s) during the MILAGRO ex- large uncertainty dur'lng suns'et, and Y'e'd 300._1.000 m_lower
periment (i.e. 4-30 March 2006 period). The circle indicates thePBLH values at T1 site than lidar retrievals. Similar difficul-

10% occurrence. Winds appear to be generally weak and disorgdi€s have also been reported for the WRF model during the
nized within the basin. MILAGRO experiment (Fast et al., 2009).
Errors in simulated PBL height could generate discrepan-
cies between observed and modeled concentrations of pri-
The nighttime PBL is especially difficult to model over mary pollutants. Such is the case for CO as illustrated in
urban areas as urban canopy effects are poorly representédg. 3 (see CO average diurnal profile). Indeed, the model
in the MM5 model due to the absence of a specific ur-underestimation of the PBL height contributes to an erro-
ban canopy model and other factors (like anthropogenic heateous CO peak in the late evening and somewhat high CO
fluxes) affecting PBL mixing (Liu et al., 2004; Hodzic et al., values during the morning rush hour peak that are consistent
2005). As in Hodzic et al. (2005), a minimum PBL height with weaker vertical mixing predicted by the model. How-
of 300 m is assumed in this study to prevent unrealisticallyever, there is a strong variability in CO concentrations among
low nighttime mixing of pollutants. It should also be noted RAMA stations. Model overestimation during the morning
that the comparison at sunset is more uncertain as PBLH rerush hour seems to occur mainly at stations located within
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the city center (individual comparisons are not shown here) reported for the ensemble of the RAMA stations with e.g. the
where the urban canopy tends to enhance vertical mixingnodel bias for @ below 5% and the correlation coefficient
and lead to better mixed pollutants than at the edges of theanging from 0.66 and 0.73.
city. Besides the underestimated mixing, this location de- For PMy s, the model stays on the low side of observed
pendency suggests that primary emissions could be slightlyalues throughout the day as illustrated in Fig. 3 (see av-
overestimated in some parts of the city. Finally, CHIMERE erage diurnal profiles), except on the peak of the PBL col-
reproduces the CO average temporal fluctuations observed &pse, consistent with the observations above. Fine partic-
RAMA stations during March 2006 quite well as indicated ulate matter has major contributions from both primary and
by a high correlation coefficient (0.76) shown in Fig. 3. secondary species, with SOA representing about a quarter of
Systematic comparison of observed and modeled concerthe fine PM mass (Salcedo et al., 2006; Volkamer et al., 2006;
trations of @, NOy and fine particles has also been per- Aiken et al., 2009a). Although this model run includes SOA
formed for all available RAMA data during March 2006. chemistry, the model underestimation is expected given the
Unlike for CO, concentrations of these species are deterfact that many studies support that SOA formation in current
mined not only by primary emissions and mixing, but also models is insufficient to explain the observed ambient urban
photochemical reactions. As shown in Fig. 3, the modelSOA levels. Issues related to the SOA formation will be fur-
reproduces the surface ozone time variations during Marchher discussed in Sect. 5.
2006, as indicated by a high correlation coefficient (0.92). For both ozone and aerosols, the greatest model under-
CHIMERE reasonably captures the sharp increase in ozongrediction occurs on 10-11 March and 18-20 March. This
concentrations in the late morning that correspond to themodel error can be caused by exaggerated dispersion of pol-
beginning of the photochemical production of ozone. The|utants in the model as suggested by the comparison of ob-
monthly mean ozone peak concentrations are underestimategkrved and predicted wind speed (Fig. 2). Model simulated
by approximately 10% in the model. However, the peak val-midday winds are a factor of 2—3 higher during these stagnant
ues are within the range of variations among RAMA stationsdays (3 m/s instead of 1 m/s), which has a tendency to unreal-
(Fig. 3, gray shadings). In the late afternoon, the predictedstically enhance the horizontal dispersion of pollutants. Fast
ozone concentrations drop more rapidly than observed as &t al. (2009) have also reported occurrence of large errors in
result of a too rapid collapse of the predicted PBL height POA predictions related to discrepancies in wind fields (e.g.
which enhances the NO titration effect. Overnight, in the on March 20). Those days also coincide with high biomass
absence of sunlight, ozone concentrations stay very low anurning activity, characterized by the occurrence of sharp
their magnitude is correctly represented by the model. Thesg@eaks in POA measurements inside the city, which magni-
results suggest that ozone photochemical production and NQude is not captured by the model as explained in Sect. 5.1.
titration as well as ozone background concentrations are
reasonably well simulated by CHIMERE. The model abil-
ity to predict ozone chemistry is also confirmed by a good5 Analysis and interpretation of modeling results
agreement (small positive bias of 1.1 ppb and correlation of
0.78, see SlI-Fig. Bttp://www.atmos-chem-phys.net/9/6949/ The model performance in simulating various carbonaceous
2009/acp-9-6949-2009-supplement)pidfund between ob- aerosol components is examined in Figs. 6 and 7. PMF
served and predicted concentrations of oxidant Ox (definedinalysis applied to AMS data allows separating total or-
as @+NOy), which is a more conservative species becauseganic aerosols (TOA) into hydrocarbon-like organic aerosol
itis not affected by @titration with NO. Moreover, the evo- (HOA, a POA surrogate), oxidized organic aerosol (OOA,
lution of NO, concentrations near the surface is rather wella surrogate for SOA) and biomass burning organic aerosol
captured during this period (correlation of 0.72), except on(BBOA) for three locations in Mexico City (i.e. TO, T1,
17 and 21 March when the model overestimates the observeBTP). This specification allows more accurate evaluation of
concentrations by a factor of 3. This discrepancy coincidesmodeled TOA components as they have very different forma-
also with a major CO overprediction and is most likely re- tion patterns: the modeled urban POA (SOA) can be com-
lated to a combination of a too weak dispersion and/or toopared directly to the observed HOA (OOA). The observed
high emissions at peak traffic hours. In general during anticy-BBOA mass corresponds mainly to POA emitted by biomass
clonic conditions characterized by very low windsl(m/s),  burning activities. The SOA formed from BB precursors
relatively small errors (a few m/s) in the wind speed canwill likely be detected as OOA (Grieshop et al., 2009b) and
translate into large discrepancies between predicted and olihis effect adds some uncertainty to our comparisons. How-
served concentrations. The model evaluation for gaseousver, as discussed in Aiken et al. (2009b) the impact of SOA
pollutants has been also performed separately for TO and Tfrom BB precursors at TO appears to not be major during
intensive measurement sites, and the results can be foundILAGRO with the exception of the period around 20-21
in SI-Fig. 3 and SI-Fig. Attp://www.atmos-chem-phys.net/  March. Also BB is suppressed by rain after 23 March (Fast
9/6949/2009/acp-9-6949-2009-supplement.ptiie model et al., 2007; Aiken et al., 2009b) so the comparisons for this
performance at these two sites is consistent with the resulttater period are not affected by SOA from BB emissions.
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Fig. 6. Time series of modeled and observed surface concentraﬂ&gm(?’) of various carbonaceous compounds including total organic
aerosol matter (TOA), primary organic aerosol (POA) and oxygenated organic aerosol (OOA). Comparison is madg atte site TO,

and two near-urban sit¢b) T1 and(c) PTP during the MILAGRO experiment. Black dots stand for observations, the red solid line for the
ANT-T model run that accounts only for anthropogenic SOA precursors, and the green dashed line for the ANT-EP model run that examines
the sensitivity to the enhanced partitioning towards aerosol phase. On the POA panel, black dots account for the measured POA from both
anthropogenic and biomass burning sources, while blue dots indicate the primary organic mass that excludes organics generated by biomas
burning emissions. Model results shown on the POA comparison panel includes also primary organic aerosols from biomass burning. Gray
stripes denote the nighttime (00:00-12:00 UTC; i.e. 18:00-06:00 LOC).
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Fig. 6. Continued.

Table 4. Comparison of observed and simulated OOA concentrations during MILAGRO experiment for the 5 sensitivity simulations listed
in Table 3.

OOA (ug/m3) Urban station (T0) Near-City station (T1)

(ANT-T) (ANT-EP) (BIO-T) (BIO-NT) (BIO-EP) (ANT-T) (ANT-EP) (BIO-T) (BIO-NT) (BIO-EP)
Mean obs. fg/md) 7.54 4.62
Bias* (ug/m?°) —6.67 -561 -5.26 -4.91 —0.69 —4.44 —-4.06  —3.66 -3.51 0.52
RMSE* (ug/md) 8.16 7.00 7.24 6.95 4.63 4.94 4,58 4.25 413 2.90
Correlation 0.56 0.63 0.35 0.37 0.50 0.18 0.23 0.16 0.18 0.17

Near-City station (PTP)
(ANT-T) (ANT-EP) (BIO-T) (BIO-NT) (BIO-EP)

Mean obs. fg/m?) 5.86

Bias* (ug/m°) -5.47 -4.74 -4.37 -4.11 -0.17
RMSE* (/Lg/m3) 6.28 5.44 5.52 5.35 3.30
Correlation 0.50 0.64 0.03 0.05 0.32

* The bias is computed as follow: Bi(aSg/m3)=(1/N)Z(M,~—0,~); the Root Mean Square Error is defined as:
i

RMSEQLg/m3):\/(1/N) > (M; — 0;)%; WhereN is the number of sampleg); are observations ant; are model predictions. These

1
indicators were computed on all OOA available data from the MILAGRO ground sites during March 2006.

Therefore, in the following sections we evaluate model re-5.1 Total organic aerosol
sults not only for TOA as it is usually done but also for indi-
vidual contributions of POA and SOA. Table 4 summarizes
the comparison results for SOA obtained for several sensitiv-
ity runs.

The first panel of Fig. 6a, b and ¢ compares the diurnal vari-
ation of observed and predicted near-surface total organic
aerosols during MILAGRO. The observed TOA features high
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Fig. 7. Observed and predicted average diurnal profiles of total organic aerosol matter (TOA), primary organic aerosol (POA) and oxygenated
organic aerosol (OOA) at T(a), T1 (b), and PTP(c) sites for the available MILAGRO dataset. Black dots and shaded area represent
observations associated with their variability, the red solid line and red vertical bars indicate the ANT-T model run and the green solid
line indicate the ANT-EP sensitivity simulation. Crosses shown on the POA plots indicate the primary organic mass that excludes organics
generated by biomass burning emissions. Model results shown on the POA comparison panel include also primary organic aerosols from
biomass burning. The correspondence with the local time (LT=UTC — 6 h) is indicated on the upper x-axes.

concentrations over the entire field campaign. Elevated TOAconcentrations during the day caused by both early morn-
levels are found within the city basin with daily maximum ing primary emissions (13:00 UTC, i.e. 07:00 LT) and the
increase of SOA concentrations starting at sunrise (07:00—
values observed on 11, 18 and 21 March are associated with8:00 LT) with SOA concentrations peaking around mid-day
biomass burning events as indicated by the difference bef18:00 UTC, 12:00 LT). However, the modeled TOA only
tween POA and POA-BBOA measurements shown on Fig. éexplains 55% of the observed organic material. This model
and also reported by Aiken et al. (2009a). At this urbanunderestimation is particularly large in the afternoon (17:00—
location, the model generally reproduces the diurnal vari-23:00 UTC, i.e. 11:00-17:00 LT) suggesting a very ineffi-
ability found in TOA observations (correlation coefficient cient production of secondary organic species in the model.
of 0.48). The comparison of observed and modeled aver- The observed surface TOA concentrations gradually de-
age TOA diurnal profiles for March 2006 (Fig. 7) shows that crease downwind of the city. A factor of 2 decrease could be
the model correctly replicates the gradual increase in TOAngticed at the PTP elevated site, and a factor of 4 decrease

concentrations ranging from 20 up to Z§ m—3. The peak

www.atmos-chem-phys.net/9/6949/2009/
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at the T1 near-urban site (Fig. 7). At the T1 site, the highestby a factor of 2 even though modeled POA takes into account
TOA concentrations are associated with the downwind ad-biomass burning emissions. Possible reasons for this under-
vection of pollutants from the city or the biomass burning prediction include: (i) the inaccurate representation of small
events (e.g. 21 March). According to Doran et al. (2007),burning activities &1 km in size) within the city, which are
this site is much less affected by the Mexico City plume currently unaccounted for in the emissions inventory (Yokel-
than expected, with the exception of 18, 19, 20, 24 and 27on et al., 2007); (ii) the dilution of the smoke emissions
March. The rest of the time regional background conditionswithin 5x5km? model grid boxes which results in more
prevail. At this downwind location discrepancies betweenspread BB plumes and smother gradients in POA concen-
modeled and observed TOA are large both in terms of magitrations associated with the fires. The comparison of diurnal
nitude and temporal variability. Observed TOA concentra- profiles also shows the model tendency to overpredict night-
tions are underestimated by a factor of 2—3 and the correlatime concentrations. This pattern has already been seen for
tion with the measurements is reducéf£0.28). While the  other primary species such as CO, and is most likely caused
observed TOA features a pronounced diurnal cycle with peakby a too shallow nighttime boundary layer over the basin.
values at 06:00 LT and 15:00 LT, the modeled diurnal pro-The agreement is still reasonable at T1, although the model
file is rather uniform with large underprediction of the mid- tends once again to underestimate by 15% the average morn-
day production of the aerosol due to the photochemistry. Iting POA peak concentrations as shown in Fig. 7. As previ-
should also be noticed that T1 is located at the northeasterously mentioned, the emission inventory does not represent
border of the city that is growing continuously. This spatial well the spatial expansion of the city at this location. In addi-
expansion might not be reflected in the current emission intion, the model spatial resolution % km?) is too coarse to
ventory which could contribute to the model underprediction capture sharp spatial emission gradients associated with the
of aerosol concentrations. presence of a major highway near T1.

The comparison with AMS data at the PTP site confirms At PTP, larger discrepancies between observed and mod-
model underestimation of TOA levels. Located on a hill only eled POA values are found. While POA average concentra-
10 km downwind of the city center, the PTP site is greatly tions seem to be captured by the model with small positive
influenced by urban activities. Because of its elevated topogbias, the predicted diurnal variability is inconsistent with ob-
raphy (900 m above the city ground), TOA concentrationsservations. The predicted morning POA peak occurs 2-3h
display however a very specific diurnal profile with a peak earlier than observed. This time the shift most likely has a
value occurring at 10:00 LT, which is 3 h later than at TO anddynamic origin to it. As previously mentioned, the late ar-
T1. As explained in Fast et al. (2009) this sharp increase irrival of pollutants over the elevated PTP site is associated
concentrations at 12:00 LT coincides with the growth of the with the growth of the PBL above 900 m (station’s altitude).
PBL above the altitude of the station and the arrival of the Although there is no evidence for the more rapid growth of
city pollution. the PBL height (see Fig. 5b) in the model, the unrealistic up-

This comparison clearly shows model difficulties in sim- slope winds (see Fig. 4) could be advecting city pollution
ulating TOA levels in this polluted region, difficulties that more rapidly to PTP. In addition, as suggested by Fast et
seem to increase with the distance from emission sourcegdl. (2009), the model horizontal resolution of 5km is most
Given that the model predicts reasonably well the concentralikely insufficient in order to accurately resolve the topogra-
tions of gas phase species, it is likely that the aerosol errorphy of the PTP site. Therefore, the simulated peak height
result either from an underestimation of POA emissions oris several hundred meters lower than the actual height of

an underestimation of SOA formation. this site, causing this site to stay all the time inside the pol-
luted boundary layer. According to the difference between
5.2 Primary organic aerosols measured anthropogenic POA and total anthropogenic and

BB POA it seems that the absolute contribution of biomass
The second panel of Fig. 6a, 6b and 6¢ assesses model perfdsurning is reduced outside of the citg3ugm—2 at PTP
mance in simulating POA during March 2006 and the accu-and T1) compared to their influence within the city basin
racy of primary emissions. At TO, CHIMERE successfully (~5ugm3). This may be due to the closer location of most
reproduces the observed POA diurnal variatid®f<0.59) fires to TO compared to T1. An alternative explanation is the
characterized by an early morning peak associated with trafinfluence of very small fires (from cooking, biofuel use, etc.)
fic (Fig. 7). Predicted POA lies between measured anthroimay be occurring within the city or that sources of partially
pogenic POA (crosses) and the measured total POA that amxidized aerosols such as meat cooking may be retrieved to-
counts for both anthropogenic and biomass burning emisgether with BBOA due to some similarities in the spectra of
sions. POA peak values are adequately simulated by thé&oth POA sources (Mohr et al., 2009). However the results
model most of the time, except as previously mentioned orof Aiken et al. (2009a) suggest that this source is small since
three specific days (11, 18, 21 March) influenced by intenseahe BBOA concentration is very low during the days in which
biomass burning activities. As shown in Fig. 6a, for theseregional biomass burning is suppressed.
days, the model tends to underestimate the observed peaks
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Diurnal POA profiles simulated by the CHIMERE model within the city tends to evaporate within the growing PBL
are very consistent with the results reported by Fast eturing early afternoon, while the observed SOA stays ele-
al. (2009) for the WRF/Chem model suggesting that the treatvated until late afternoon (22:00 UTC, i.e. 16:00 LT) despite
ment of primary aerosol emissions from both anthropogeniche enhanced afternoon PBL mixing and lower OA concen-
and biomass burning activities is correctly handled in thistrations available for the gas/aerosol partitioning. One pos-
study. These results also show that primary emissions okible reason for the increasing discrepancy later in the day
organic aerosols do not have major biases and suggest that that as the aerosol ages the organic material tends to stay
TOA underestimation is mainly caused by poor representamore permanently in the particle (despite dilution) which is

tion of secondary organic aerosols. not captured correctly in the model (i.e. the model evaporates
half of the freshly produced SOA material). This is consis-

5.3 SOA formation from anthropogenic precursors tent with thermal denuder measurements at TO which showed
that the measured OOA was significantly less volatile than

5.3.1 Reference run typical model SOA, and that the more aged OOA (OOA-1)

was less volatile than the fresher OOA (OOA-2) (Huffman

SOA predictions from a reference model simulation (ANT- et al., 2009; Dzepina et al., 2009). The sensitivity of model
T) are first examined in order to quantify the amount of SOA results to the gas/aerosol partitioning is discussed further be-
that can be explained by the first-generation oxidation of an{ow.
thropogenic precursors. According to Volkamer et al. (2006) The large model underestimation is present throughout the
SOA production from anthropogenic precursors accountedjay, about 6—&gm~3 at TO for example, suggesting that
for over 95% of the calculated daytime SOA production in addition to the local photochemical production, regional
within the city for their case study, during which there was SOA levels might be underpredicted. Regional pollution is
very low background and regional influence (which is rela- indeed advected into the city during the late afternoon un-
tively unusual for Mexico City). Figure 7 presents the com- der the influence of southerly winds that have the tendency
parison of monthly mean diurnal profiles of predicted SOA to clean out pollutants generated during the day and bring
and observed OOA at the 3 locations under study. The shapgleaner regional concentrations. The fact that predicted SOA
of the OOA diurnal profile features a strong enhancement inconcentrations drop rapidly after the collapse of the PBL in
concentrations during the morning associated with an activehe late afternoon to very low values{ xgm-3), and re-
photochemical production of SOA close to the emissions (i.emain close to zero overnight is an additional indication that
TO, PTP). The diurnal variability is less pronounced at the packground levels are not well predicted and potentially also
peripheral T1 station and displays a more gradual increasehat the model SOA is too volatile. As expected, large dis-
of concentrations during the day. Similar to TOA concentra- crepancies between modeled and observed SOA concentra-
tions, OOA surface levels gradually decrease downwind oftions are observed at the two other sites.
the city with monthly average concentrations ranging from
7.5ugm-3 at TO to 4.6u.gm~3 at T1. Table 4 indicates that 5.4 Emissions of aromatics
the reference run (i.e. ANT-T) severely underpredicts the ob-
served OOA levels, typically by a factor of 5-10 for various Low SOA background levels are the result of an inefficient
stations. Figure 7 confirms that the predicted SOA values lieregional production of SOA which could be related to a num-
well below the observed ones and their associated variabilityher of uncertainties surrounding SOA formation. Anthro-
range. pogenic emissions of SOA precursors certainly constitute

These results are certainly consistent in many ways withone of them. The representation of VOC chemical com-
earlier studies performed in this region; however, an in-position, as well as their temporal and spatial variation is
triguing feature emerges from this comparison. As illus- very crude in current inventories. The extensive dataset col-
trated in Fig. 7, the predicted morning average SOA pro-lected during MILAGRO campaign enables the evaluation
duction rate of 4.gm—3hr! is only a factor of 2 lower of predicted VOC precursors. Figure 8 compares average
than the intensity of the observed increase at the urban sitdiurnal profiles of predicted and observed mono-substituted
in the morning, although the discrepancy in the observede.g. toluene, ethylbenzene) and poly-substituted (e.g. xy-
concentrations grows to a factor of 5-10 by 20:00 UTC lene, trimethylbenzene) aromatics at TO, which are the dom-
(i.e. 14:00 LT), consistent with the findings of Volkamer et inant anthropogenic SOA precursors in Mexico City ac-
al. (2006), Kleinman et al. (2008), Dzepina et al. (2009), andcording to traditional SOA models (Volkamer et al., 2006;
Tsimpidi et al. (2009). This similarity in the relative diur- Dzepina et al., 2009). Even qualitative comparison suggests
nal cycles when the background OOA is excluded explainghat the model matches quite well with the observed concen-
the observed correlation with the OOA measurements. Therations both in terms of magnitude and temporal variation. A
comparison (see Sl-Fig.t&tp://www.atmos-chem-phys.net/ slight overestimation of the morning peak is expected though
9/6949/2009/acp-9-6949-2009-supplemend.@@déo shows as predicted aromatic surrogates include species that are not
that the predicted SOA that was photochemicaly generategresent in the measurements. As for other primary species,
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Fig. 8. Comparison of predicted (black dots) and observed (full line) surface concentrations of VOCs that are involved in the SOA formation
including mono-substituted and poly-substituted aromatics and isoprene. Averaged diurnal cycles have been computed over the period of
4-30 March 2006 at the urban supersite (T0). The variability among observations and model predictions is denoted by gray shading and
vertical bars respectively. The isoprene plot includes two model predictions: bottom full line represents biogenic isoprene emissions only
(BIO-T run), while top line accounts for both biogenic and anthropogenic isoprene emissions (BIO-ANT run).

0.50 5.4.1 Sensitivity to partitioning coefficients
Besides uncertainties in VOC emissions, the choice of pa-
rameters used in SOA equilibrium partitioning can make a
large difference on predicted SOA levels in some cases (e.g.
Simpson et al., 2007). In particular, determination of satu-
ration vapor pressure and enthalpy of vaporization of semi-
volatile aerosols remains highly uncertain (e.g. Kanakidou et
al., 2005; Faulhaber et al., 2009; Hallquist et al., 2009). Also,
in the traditional lumped approach, chemically similar com-
pounds are lumped into a single surrogate compound which
is assigned a unique saturation pressure and vaporization en-
thalpy representative of the group. This surrogate compound
undergoes only first generation oxidation which does not al-
low accurate representation of changes in volatility with in-
. creased degree of oxidation (i.e. decrease in volatility with
0.00 === 1 T aged material). These approximations can significantly af-
00:00 06:00 12:00 18:00 fect the gas/aerosol partitioning and the amount of the pre-
Hour (UTC) dicted SOA. In addition, freshly absorbed organic species
can further react inside the particle by oligomerization cre-
Fig. 9. Comparison of predicted (black dots) and observed (full ating larger molecules with a lower vapor pressure that ir-
line) surface concentrations of OH at T1 that is involved in the oxi- reversibly stay inside the aerosol (e.g. Kroll and Seinfeld,
dation of SOA precursors. Averaged diurnal cycles h_avg_been com2005; Pun and Seigneur, 2007). If these processes are impor-
puted over the period of 4-30 March 2006. The variability among 5t ang are not compensated by others such as fragmentation
Obs.ervat'ons and m(.’del predictions is denoted by gray shading an f molecules leading to more volatile species, the aerosol or-
vertical bars respectively. . . o
ganic mass can increase as well as the aerosol ability to ab-
sorb additional semi-volatile compounds.

there is no indication of a systematic model bias for aromatic Given the limited knowledge on these mechanisms, we do
SOA precursors. This is consistent with the results of Fasfot attempt to include them in this study. To perform a first-
et al. (2009), whom however point out that the concentra-order evaluation of their potential impact on predicted SOA
tions of most other VOC types have significantly more prob- concentrations, partitioning toward the particulate phase is
lems than the aromatics. As OH is the oxidant controlling artificially increased by lowering the saturation vapor pres-
the chemistry of VOC precursor species, we have also veriSure by two orders of magnitude (i.e. by a factor of 100 for all
fied that the model reasonably reproduces OH concentrationgPecies). The ANT-EP sensitivity study should be seen there-
during this period (Fig. 9). The model underestimates OH affore as an upper limit of the SOA production from traditional

night and overestimates the mid-day peak, but the overall avanthropogenic precursors when calculated with traditional
erage is well-captured. model formulations (from the same initial amount of precur-

sors as for ANT-T). Figure 7 shows the comparison between
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ANT-EP and the reference run for three stations under studycontributing therefore to the SOA regional background lev-
A near doubling of average predicted SOA concentrationsels. An order-of-magnitude estimate of the regional con-
can be noticed during the day. The early morning increase irtribution of isoprene to SOA background concentrations is
the model now approaches the measured one at TO and PTftesented here to evaluate the potential importance of this
soon after the start of the photochemistry and less so later orsource. Given a relatively low wind speed during this pe-
leading to a better agreement with observations. The overaltiod, we assume that isoprene emitted within a 150 km radius
bias and root mean square error are decreased somewhat, laround Mexico City can influence the regional SOA forma-
the model sill falls short of the observations. Despite thesetion and reach the basin. Assuming a 2% SOA mass yield
statistical improvements, the nighttime discrepancy is not refrom isoprene, we estimate SOA regional production as ap-
duced which is indicative of a missing formation process orproximately 20 tons/day within the given perimeter. This es-
precursor in the model. timate corresponds to an emission flux of SOA of approx-
imately 290ug/m?/day, which results in a total production
5.5 Unexpectedly large contribution of biogenic precur-  of ~1.5ugm~2 over 5days period (assuming an average

sors boundary layer dispersion of 1km). This amount is of the
same order of magnitude as SOA production from mono-
5.5.1 Presence of biogenics substituted aromatics, estimated as 34 tons/day in this same

region (assuming a 9.6% yield). These estimates suggest that

One of the SOA formation pathways that have not been exbiogenic SOA levels in the Mexico City region are far from
plored so far in Mexico City is the production from biogenic negligible.
precursors. Although SOA formation from anthropogenic  The influence of biogenic sources on predicted SOA levels
pollution is significant in and downwind of urban areas, thein Mexico City by the CHIMERE model is quantified in Ta-
global SOA burden is thought to have the largest contribu-ble 4. Compared to the reference simulation, the BIO-T run
tion from biogenic sources, with a 50% contribution from significantly reduces the model underprediction of SOA lev-
isoprene (e.g. Tsigaridis and Kanakidou, 2007). The frac-els at all three stations. The model bias is reduced by more
tion of modern carbon within Mexico City (Marley et al., than 20% as well as the RMS error indicating an improved
2009; Aiken et al., 2009b) is higher than the estimates ofagreement with observations. A decrease in correlation coef-
the biomass burning contribution to OC (Stone et al., 2008;ficients is observed for the PTP site and could have a dynamic
Aiken et al., 2009a, b), which leaves room for other sourcesorigin as already discussed for primary species. The increase
such as biogenic SOA or urban sources of modern carboin predicted SOA concentrations of 148 m~2 is observed
(Hildemann et al., 1994). The concentrations of biogenicthroughout the day as illustrated in Fig. 10. In particular,
precursors within the city are more than an order of magni-the comparison of SOA diurnal profiles between BIO-T and
tude lower than for the aromatics, and thus the formation ofANT-T runs shows that nighttime SOA levels are much bet-
SOA from these species within the city is thought to be smallter captured when biogenic sources are taken into account.
(Volkamer et al., 2006; Dzepina et al., 2009). For example,SOA concentrations are reproduced within a factor of 3 at
Fortner et al. (2009) reported daily peak values of 1.7 ppb forall sites, however predicted SOA diurnal profiles stay at the
isoprene and 1.2 ppb for monoterpenes at TO (see Fig. 3 abottom edge of the observation variability interval.
Fortner et al., 2009) vs. 100 ppb for total aromatics. While The predicted concentrations of biogenic SOA from our
isoprene can have both biogenic and anthropogenic originCHIMERE/MEGAN model have been compared with the
monoterpenes are clearly not produced by anthropogenic agneasurement-based estimates of biogenic SOA that recently
tivities within the city, and are either advected from sur- became available from the work of Stone et al. (2009). The
rounding mountains or long-range transported from remoteStone et al. (2009) estimates are based on measurements of
coastal areas. specific tracers of different biogenic SOA precursors from

Figure 1b shows the spatial distribution of isoprene emis-24-h filter measurements at TO and T1. The total SOA aris-
sion fluxes estimated from the MEGAN model for March ing from each biogenic SOA precursor is then estimated as
2006 over Mexico and Central America. As expected, nearthe tracer concentration multiplied by the SOA/tracer con-
the metropolitan area isoprene emissions are several orderentration average from chamber experiments as reported by
of magnitude lower than those from aromatics (e.g. the fluxKleindienst et al. (2007). Figure 11 shows that the model
of mono-substituted aromatics is estimated as 20 tons/dagaily-averaged BSOA levels are of the same order as the
within the city, not shown). However, much larger emissionsmeasured ones for both TO and T1: tracer-derived (model
of isoprene are found in the coastal regions, esp. southwegiredicted) BSOA values range from 0.3 to L@m? (0.7 to
of Mexico City. Even though the lifetime of isoprene is rel- 2 ug/m?) at TO, and from 0.4 to 2.4g/m? (0.5 to 1ug/m?)
atively short (~1-2 h), SOA formed from these precursors at T1, respectively. The total model BSOA and also the
has a much longer lifetime~(5-7 days) and can be long- precursor-specific model BSOA are generally within a fac-
range transported to Mexico City from the Southwest andtor of 2—3 of the observations. This contrast with the strong
the Gulf of Mexico under the influence of the regional winds underprediction of the anthropogenic SOA reported here and
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Fig. 10. Observed and predicted average diurnal profiles of OOA at TO, PTP and T1 sites during MILAGRO experiment. Black dots and
shaded area represent observations associated with their variability, the red solid line and red vertical bars indicate the ANT-T model run, the

green solid line indicate the BIO-T simulation, and blue dashed line the BIO-EP sensitivity simulation.
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Fig. 11. Measurement-derived (black line) and model-predicted (black dots) daily-averaged concentrations of biogenic SOA at TO and T1
including the total BSOA, BSOA from isoprene and BSOA from monoterpenes. The variability associated with observations and model
predictions is displayed by gray shading and vertical bars respectively.

in previous studies in Mexico City. It is also consistent with SOA is from regional isoprene-60%). Production from
other studies which have reported that biogenic SOA mod-monoterpenes is smaller, which is consistent with the fact
els typically predict the right levels of SOA observed in the that emissions of monoterpenes are one to two orders of mag-
field and do not show order-of-magnitude underpredictionsnitude lower than those of isoprene in the model.

(Tunved et al., 2006; Chen et al., 2009). Our modeling results are the first to raise the question of

Additional Sensitivity runs (not shown here) have been Car-the contribution of biogeniC precursors and their role in the
ried out in order to determine whether biogenic SOA parti- SOA formation in Mexico City. Generally ”69|90t9d in pre-
cles found within the basin have been locally produced onvious modeling studies, the presence of fgan~2 of back-
the hills surrounding Mexico City or long-range transported ground biogenic SOA can play an important role in the gas-
from the coastal region. Model results indicate that only @erosol partitioning of semi-volatile organic material from
a few percent of biogenic SOA has a local origin, the ma-anthropogenic origin.
jor fraction being produced upwind on the coastal areas and
advected into the city. The largest contribution to biogenic
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5.5.2 Role of anthropogenic emissions of isoprene gate species that stays trapped inside the particle. Similar to
the ANT-EP run, the partitioning to the aerosol phase was
Although it seems very likely that regionally produced bio- artificially increased by two orders of magnitude in order to
genic isoprene contributes significantly to SOA formation provide a first-order estimate the upper limit for SOA con-
within the city, it should also be noted that isoprene concen-centrations that can be formed from biogenic sources present
trations are surprisingly elevated within the city throughout in the region. As expected, the BIO-EP run leads to an en-
the day (1-2 ppb; see Fig. 8). The diurnal variability of iso- hancement of SOA concentrations as a result of a greater
prene concentrations has a strong anthropogenic signatuigartitioning of semivolatile species into the aerosol phase.
to it with peak concentrations occurring during traffic rush The increase in concentrations is constant throughout the
hours. The anthropogenic character of isoprene within theday (~2—-3.gm~3) at all sites, as the BSOA is produced at
city is also confirmed by the comparison of observed con-the regional scale, upwind of the city. Even though a much
centrations with the results of two model runs at TO (Fig. 8): better agreement is reached between modeled and observed
the model sensitivity run BIO-ANT that accounts for anthro- SOA diurnal profiles (Fig. 10) with this run, correlation co-
pogenic emissions provides much better agreement with obefficients are decreased indicating higher spatio-temporal in-
servations than the original BIO-T run. The anthropogenicconsistencies in the BSOA fields. In particular, the model
isoprene is likely contributing to urban SOA formation, es- bias has been significantly reduced in the early afternoon but
pecially given its high reactivity. According to the results of not completely eliminated in the model predictions. The im-
the sensitivity run BIO-ANT, SOA formation from anthro- portant conclusion from these results is that biogenic SOA
pogenic isoprene (with OH chemistry) is not negligible dur- formation is sensitive to the choice of partitioning parame-
ing MILAGRO: 0.20.g m~2 increase in the monthly mean ters (which are currently highly uncertain). If chemical ag-

SOA concentrations at TO. ing of semi-volatile gaseous precursors or oligomerization
reactions within the particle could lower the vapor pressure
5.6 Nighttime chemistry of isoprene species as much as assumed here, the predicted amount of the

BSOA could increase by a factor of 2. This sensitivity to par-
Finally, in addition to SOA formation from the reaction of titioning parameters has already been reported by Johnson et
isoprene with OH, we also investigate the importance of theal. (2006) during the TORCH 2003 field study in the UK. In
oxidation of isoprene by N®radicals. This reaction occurs order to match the AMS-derived OOA concentrations, John-
only at night and consumes unreacted isoprene that has asen et al. (2006) had to increase all partitioning coefficients
cumulated during the daytime. The recent study by Ng etby a factor of 500 suggesting the occurrence of unaccounted
al. (2008) estimated that the production of SOA from night- chemical processes within the aerosol.
time chemistry of isoprene is comparable to the production
from aromatics on a global scale, and Brown et al. (2009)5.7 How large is the underpredicted SOA mass?
used aircraft observations of isoprene andsNBat this
mechanism made a modest contribution to SOA formationThe interpretation of the comparison results for pollutant
over the New England region. Table 4 shows the effects ofconcentrations performed at the surface is largely dependent
isoprene nighttime chemistry on the predicted total SOA inon the model ability to predict their vertical dispersion within
the vicinity of Mexico City. The average production of SOA the boundary layer and the PBL depth itself. This depen-
is increased by approximately 0.5 m~2 within Mexico dence can be misleading, and drive our focus on solving
City (run BIO-NT), leading to a slightly better agreement discrepancies encountered during nighttime when errors are
with the observations. However the effect of this mechanismamplified due to the presence of shallow PBL. Here, we in-
is limited in comparison to the background SOA production troduce another way of evaluating the predicted SOA lev-
from isoprene daytime chemistry, since the regions of highels based on comparisons of their column-integrated mass

isoprene and high N&radical are mostly disjoint. (within PBL) which is not influenced by the vertical dilu-
tion. Figure 12 shows the comparison of PBL-integrated
5.6.1 Enhanced partitioning to the aerosol SOA concentrations as observed at TO and predicted by

three model runs previously discussed (i.e. ANT-T, BIO-T
Similar to anthropogenic precursors, biogenic SOA surro-and BIO-EP). The observed SOA column was calculated as-
gates can be irreversibly partitioned to the aerosol phase asuming a uniformly distributed SOA mass throughout the
they undergo heterogeneous reactions inside the particle®BL (by multiplying the surface SOA concentrations by the
Surratt et al. (2006) have identified the presence of oligomer$BL depth), while the modeled SOA concentrations were in-
among the SOA products of isoprene. If these processes ategrated within the predicted PBL. The comparison of the
enhanced in the atmosphere compared to chamber studieBBL-integrated SOA mass clearly shows that major discrep-
the SOA mass could be significantly increased. Because paancies between the model and measurements occur during
rameterizations for these reactions are currently unavailabledaytime (16:00-24:00 UTC, i.e. 10:00-18:00 LT) although
it is difficult to accurately quantify the fraction of the surro- the model underprediction of SOA surface concentrations by
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18:00 00:00 06:00  12:00 (LT) day. The model underprediction of the SOA mass is indeed
28000 ! ! ! reduced from~20tons down to~8tons as estimated in the
.. early afternoon (20:00-21:00 UTC, i.e. 14:00-15:00 LT).
—~ 24000

5.8 Discussion

20000 Systematic evaluation of the predicted primary and sec-
ondary organic aerosols with highly time-resolved AMS data
strongly suggests that anthropogenic emissions and biomass
burning are not the only sources of SOA in Mexico City. Fig-
ure 13 shows the relative contributions of various emission
sources to the predicted monthly mean SOA concentrations
(from 4 to 31 March 2006) over the Mexico City region. The
results presented are based on the integrated run (best-guess
run BIO-NT) in which SOA is formed from all sources dis-
cussed above (i.e. anthropogenic, biogenic, nighttime chem-
istry as well as biomass burning). The % contribution is com-
0 == | I puted from monthly mean concentrations of source-tagged
00:00 06:00 12:00 18:00 species.

Time (UTC) In agreement with our previous analyses, model results
indicate that anthropogenic SOA concentrations reach their
highest values within the Mexico City basin close to the
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Fig. 12. Average diurnal profiles of column-integrated oxygenated
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organic aerosol (OOAug ™) within the boundary layer as ob emission sources, and that they gradually decrease at the

served and modeled during MILAGRO at TO. Similar to Fig. 10, . | le. Th SOA duction f th
black dots and shaded area represent observations associated wifpgional scaie. € average production from antnro-

their variability, the red solid line and red vertical bars indicate the pogenic .aCt'V't'eS_‘ is estimated to _bﬁu@ m_sj and is com-

ANT-T model run, the green solid line indicate the BIO-T simula- Parable in magnitude to the predicted regional background

tion, and blue dashed line the BIO-EP sensitivity simulation. (~2ugm=3). The percentage contribution of various com-
ponents to the total SOA amounts shows a strong spatial vari-
ability as illustrated in Fig. 13b and 13c. Within the Mex-

the reference run (ANT-T) appears to be constant when plotjco City basin,. predicted average contributions from anthro-
ting surface concentrations (64§ m~3) throughout the day ~ PO9enic and biogenic sources appear to be almost of the same

as previously shown. The model underprediction for the ref-Order €-60% and 40%, respectively). However one has to

erence simulation (ANT-T) ranges from 2 md@/iuring the keep in mind that the anthropog_enic _SOA ?s majorly under-
nighttime up to 23 mg/fin the afternoon, which correspond Predicted by current models while biogenic SOA does not
roughly to an underprediction of the observed SOA mass2PPear to be, so in reality anthropogenic SOA likely domi-

over the MCMA region (assuming an area oh@kn?)  hates inside Mexico City. ,
from 1.8tons at night and up to 20.7 tons during the day. The presence of biogenic SOA predicted by the model and

This underprediction is indeed similar to those reported byconfirmed with the tracer analysis is consistent with the high
Kleinman et al. (2008) and Dzepina et al. (2009) when usmgfraction of modern carbon in aerosol within the city reported
traditional SOA models and using ratios of OOA to excessPY Marley et al. (2009) and Aiken et al. (2009b), which
CO to remove the effect of dilution. Accounting for biogenic r¢aches 30-45% even during periods with very low biomass

VOC precursors (BIO-T) contributes to reduce these discrepPUrning, although some of the modern carbon during those
ancies by half during the nighttime, however a large under-Periods may aiso be explained by urban sources of modern

estimation (up to 21 mg/for 18.9tons) persists during the €arbon (e.g. Hildemann et al., 1994). Similar to the frac-
day. This comparison once again highlights the limitationstion of modern carbon reported for the measurements which

of the traditional SOA formation approach, and the need foras higher at the T1 than TO site (Marley et al., 2009), the
relative importance of BSOA increases at the regional scale.

more realistic SOA parameterizations for air quality models ; i
that can account for e.g. the multi-generational oxidation of\lthough our results provide an average estimate of BSOA
gaseous precursors and chemical processing of SOA withifuring March 2006 that is in agreement with BSOA tracer-

the particle. Significant improvement in SOA predictions derived estimates for the same period, it should be noted

is obtained under the assumption of greatly enhanced paftat BSOA contribution may vary from day-to-day based on

titioning of oxidized semi-volatile material with the aging of meteorological conditions (i.e. measurements-derived BSOA

3 .
aerosol particles in the afternoon. As shown in Fig. 12, thef@nges from 0.6 to 2,4gm™ in March 2006) and it can be
BIO-NT run reproduces fairly well the SOA levels at night V€Y low in certain cases (Volkamer et al., 2006; Dzepina et
and lies within the observation variability interval during the al., 2009).
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Fig. 13. Modeled SOA concentrationg@x m*3) for March 2006 based on BIO-T simulati¢a). Percentage contribution (%) to total SOA
is shown for(b) anthropogenic emissions and (b) biogenic emissions.

Besides aromatic and biogenic precursors, there is reasoformation from BB emissions is also biased low. Grieshop
to believe that semivolatile POA and intermediate volatil- et al. (2009a) suggest that the SOA formed from BB emis-
ity species (IVOCs) emitted along with it contribute sig- sions is dominated by that from semivolatile and intermedi-
nificantly to the formation of SOA. Recently, a box-model ate volatility species (SVOC+IVOC) which are not consid-
study by Dzepina et al. (2009), suggested that these priered in current models, and the effect of this mechanism wiill
mary species could be responsible for about 50% of the obbe evaluated in the follow up study. From the point of view
served SOA within Mexico-City for a local-SOA dominated of the observations, the impact of SOA from BB emissions
case study during the MCMA-2003 field project. Tsimpidi appears to have been limited at the TO site during MILA-
et al. (2009) showed a contribution of these compounds oflGRO, mainly because the largest impact was observed in the
~25% of the total SOA mass for a different time period early morning due to emissions in the evening which had not
during MCMA-2003, and patrtially due to using a more ag- undergone photochemical processing (Aiken et al., 2009a).
gressive “aging” mechanism for traditional SOA which in- This finding is confirmed by the lack of variation of the OOA
creased its relative fraction. The influence of this mechanisntoncentration between the high and low fire periods during
for the MILAGRO field project will be examined in a future MILAGRO (Aiken et al., 2009b).
publication. However, it should be mentioned that account-
ing for the volatility distribution of POA and their chemistry )
is not expected to significantly influence the predicted POAB ~ Conclusions

mass in Mexico City because the reported POA CMISSIONSyi article uses an air quality model to investigate the pro-

account for the aerosol fraction that is left after the primary ; ; : .
cesses controlling organic aerosols, with a particular focus

ggrggl)\)/olatlle organic vapors have evaporated (Tsimpidi et al'bn SOA formation, in the vicinity of Mexico City. The

) ] ] . CHIMERE model results have been evaluated against aerosol
ambient SOA concentrations. Biomass burning emissiongramework of the 2006 MILAGRO field campaign. For the
are included in all of our simulations as well as the SOA fjrst time we were able to assess separately the model results

formation from fire-emitted VOCs. A sensitivity study (not for primary and secondary organic fractions during a month-
shown here) has shown that their influence on SOA produciong time period.

mainly in thg hills surro_unding Mexipo City. The neteffect of \exico City basin, the ability of the CHIMERE/MMS5 model
SOA formation from biomass burning on total BBOA mass j, simulating meteorological variables and dispersion of pri-

is uncertain at present, different studies report results thagary pollutants has been assessed (for the base case simu-
vary between no net increase (Capes et al., 2008) and doyation) prior to the aerosol results. In addition to the base
bling of the primary BBOA (Yokelson et al., 2009). How- simylation, several sensitivity runs have been performed in
ever Grieshop et al. (2009a) showed that SOA formationgger to address the question of the origin of SOA particles
from traditional precursors significantly underpredicted the gnq the sensitivity to the choice of partitioning parameters.

amount of SOA formed from some types of wood smoke inThe following specific conclusions arise from the study:
a smog chamber. Thus it is likely that our prediction of SOA
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6974

(i)

(ii)

(iii)

(iv)

v)

The model/measurement comparison shows absence of
systematic bias in simulated meteorological variables
that are responsible for pollutant dispersion and trans-
port including wind speed and boundary layer height.
A slightly underestimated PBL overnight is suspected
to lead to too weak dilution of primary-emitted species
and their overestimation by the model.

The statistical comparison using the RAMA monitoring
network (20 stations) reveals an overall agreement be-

tween measured and simulated gas-species during thg,i)

study period of March 2006. In particular, a small pos-
itive bias of 1.1 ppb and correlation coefficient of 0.78
between observed and predicted concentrations of oxi-
dant Ox show the model ability to predict ozone chem-
istry.

Observed concentrations of primary organic aerosols
are reasonably reproduced by the model throughout the
day (e.g. bias less than 15% at TO and T1) indicatind Vi)
that there is no significant bias in aerosol primary emis-
sions related to anthropogenic activities and biomass
burning. POA peak values during the intense biomass
burning periods (11, 18 and 21 March) are underpre-
dicted by a factor of 2, most likely due to model coarse
resolution (5<5kn?). Our modeling results on POA

are consistent with a previous study (Fast et al., 2009)
that also simulated the MILAGRO period with the same
emissions and also considered POA as non-volatile.

Less than 15% of the observed SOA within the city can
be explained by the traditional mechanism based on ox-
idation of anthropogenic precursors, even though con-
servative assumptions are used for SOA partitioning,
dry deposition, and size integration of the model that
increase the amount of model SOA. The gap betweewviii)
modeled and observed concentrations strongly varies
during the day. The model tends to capture within a fac-
tor of two the rapid photochemical production of SOA
immediately after sunrise, however the discrepancy in-
creases several fold during the day, and the observed
nighttime SOA concentrations are severely underesti-
mated (modeled SOA levels close to zero).

Regional biogenic precursors (isoprene and monoter-
penes) play an important role in regional SOA forma-
tion which is advected into Mexico City. Modeled SOA
concentrations during nighttime are dominated by bio-
genics, with predicted BSOA levels close ta@m—2,
reducing the model overall bias by 20% at all sites com-
pared to the ANT-T case which does not include bio-
genic SOA.

The presence of anthropogenic emissions of isoprendix)

within the city and the SOA formation during night-
time from the oxidation of isoprene by NQOcontribute
an additional 15% increase in the total simulated SOA.

Atmos. Chem. Phys., 9, 6948982 2009
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The predicted biogenic SOA levels are of the same or-
der as those estimated from tracers, which implies that
biogenic SOA is not majorly underestimated by current
models, in strong contrast of what is observed for an-
thropogenic pollution. However, accounting for both
traditional anthropogenic and biogenic SOA precursors
explains only 35% of the observed SOA within the city,
showing the need to account for additional processes or
precursors.

Concentrations of mono-substituted and poly-
substituted aromatics are reasonably reproduced
by the model which indicates that traditional anthro-
pogenic SOA precursors are not underpredicted and are
not responsible for the strong negative bias in modeled
SOA. Similarly OH is reasonably reproduced by the
model.

Gas/aerosol partitioning is poorly understood and con-
stitutes a sensitive parameter for the prediction of SOA
levels. Sensitivity runs indicate that a much better
agreement with SOA observations can be achieved
when vapor pressures of various organic compounds
are artificially decreased by two orders of magnitude.
This decrease may possibly happen if semi-volatile or-
ganic precursors undergo multiple generations of oxida-
tions or if organic species oligomerize inside the parti-
cle leading to a less volatile mix of species. This arti-
ficially increase partitioning toward aerosol provides a
first-order upper limit for the amount of SOA that can
be formed using the traditional two-product mechanism
from the initially available VOC precursors if polymer-
ization processes were to be considered.

The comparison of daily SOA profiles suggests that the
model model/measurement discrepancies could arise
from too high volatility of the model SOA, which would
lead to the model’s inability to retain more permanently
the freshly formed secondary organic aerosols inside
the particulate phase during the afternoon hours. Al-
though sensitivity runs with enhanced partitioning to-
ward the aerosol phase provided more realistic daily av-
erage SOA concentrations, the large afternoon discrep-
ancies remained. The model inability to simulate this
persistent SOA fraction could be explained by missing
processes that reduce the vapor pressure of semivolatile
organic species, such as oligomerization. However the
discrepancies can also be due to missing precursors,
rather or in addition to missing processes for the pre-
cursors that are represented in the model.

The comparison of the PBL column-integrated SOA
mass at the TO site allowed quantifying the missing
SOA mass in the model in this region. We estimated
that within the MCMA area the model underprediction
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