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Abstract

The meso-scale chemistry-transport model CHIMERE is used to assess our under-
standing of major sources and formation processes leading to a fairly large amount of
organic aerosols (OA, including primary OA (POA) and secondary OA (SOA)) observed
in Mexico City during the MILAGRO field project (March 2006). Chemical analyses of5

submicron aerosols from aerosol mass spectrometers (AMS) indicate that organic par-
ticles found in the Mexico City basin contain a large fraction of oxygenated organic
species (OOA) which have strong correspondence with SOA, and that their production
actively continues downwind of the city. The SOA formation is modeled here by the
one-step oxidation of anthropogenic (i.e. aromatics, alkanes), biogenic (i.e. monoter-10

penes and isoprene), and biomass-burning SOA precursors and their partitioning into
both organic and aqueous phases. The near-surface model evaluation shows that pre-
dicted OA correlates reasonably well with measurements during the campaign, how-
ever it remains a factor of 2 lower than the measured total OA. Fairly good agreement
is found between predicted and observed POA within the city suggesting that anthro-15

pogenic and biomass burning emissions are reasonably captured. Consistent with
previous studies in Mexico City, large discrepancies are encountered for SOA, with a
factor of 2–10 model underestimate. When only anthropogenic SOA precursors were
considered, the model was able to reproduce within a factor of two the sharp increase
in SOA concentrations during the late morning at both urban and near-urban locations20

but the discrepancy increases rapidly later in the day, consistent with previous results,
and is especially obvious when the column-integrated SOA mass is considered instead
of the surface concentration. The increase in the missing SOA mass in the afternoon
coincides with the sharp drop in POA suggesting a tendency of the model to exces-
sively evaporate the freshly formed SOA. Predicted SOA concentrations in our base25

case were extremely low when photochemistry was not active, especially overnight,
as the SOA formed in the previous day was mostly quickly advected away from the
basin. These nighttime discrepancies were not significantly reduced when greatly en-
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hanced partitioning to the aerosol phase was assumed. Model sensitivity results sug-
gest that observed nighttime SOA concentrations are strongly influenced by a regional
background SOA (∼1.5µg/m3) of biogenic origin which is transported from the coastal
mountain ranges into the Mexico City basin. The relative contribution of biogenic SOA
to monthly mean modeled SOA levels is estimated to be more than 30% within the city5

and up to 65–90% at the regional scale (even in the immediate vicinity of the city) which
may help explain the significant amount of modern carbon in the aerosols inside the city
during low biomass burning periods. The anthropogenic emissions of isoprene and its
nighttime oxidation by NO3 were also found to enhance the SOA mean concentrations
within the city by an additional 15%. Our results confirm the large underestimation of10

the SOA production by traditional models in polluted regions (estimated as 10–20 Tons
within the Mexico City metropolitan area during the daily peak), and emphasize for the
first time the role of biogenic precursors in this region, indicating that they cannot be
neglected in modeling studies.

1 Introduction15

There is growing evidence that organic aerosols affect climate (IPCC, 2007) and hu-
man health (Dockery et al., 1992) in proportions that are at present underestimated.
Recently, carbonaceous matter has been identified as one of the two largest com-
ponents of fine particles (together with sulfate) over many continental regions of the
Northern Hemisphere, including North America, Europe, and East Asia as well as on20

the free troposphere (Murphy et al., 2006; Zhang et al., 2007; Yttri et al., 2007). OA is
composed of both primarily emitted compounds such as hydrocarbons and fatty acids,
and also of chemically processed organic material (i.e. SOA) most of which is water-
soluble (Kondo et al., 2007; Docherty et al., 2008). OA-containing particles actively
contribute to aerosol radiative forcing by scattering and absorbing solar radiation, and25

by acting as condensation nuclei for cloud formation (Facchini et al., 1999). In addi-
tion, OA contains primary species such as polycyclic aromatic hydrocarbons (Marr et
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al., 2006) and secondary species such as quinones (Tao et al., 2003) that have been
recognized as highly toxic for human health. Despite their abundance in the tropo-
sphere and their adverse effects, organic aerosols are currently the least characterized
species of all fine aerosol components in terms of both their chemical composition and
spatial distribution. This characterization is all the more challenging as organic aerosol5

is a complex mixture of hundreds of chemically active individual compounds (Murphy,
2005) among which many have not yet been identified. Hamilton et al. (2004) identified
more than ten thousand compounds in an OA sample from London, UK.

The molecular-level identity of the majority of the OA mass is unknown (Turpin et al.,
2000). For instance, gas chromatography-mass spectroscopy (GC/MS) can identify the10

species that comprise only 10–20% of the organic mass. On the other hand the total
OA mass can be measured with reasonable accuracy (+/−25%) using thermal-optical
analyzers (Turpin et al., 2000) or aerosol mass spectrometers (AMS; Canagaratna et
al., 2007). The latter technique has high time and size resolution and allows some char-
acterization of the sources and types of species that make up the total mass through15

factor analysis of the organic spectrum (Zhang et al., 2005a, b). In particular the total
POA and SOA and several subtypes of each have been identified in multiple studies
using this technique (e.g. Zhang et al. 2005a, b, 2007; Lanz et al., 2007; Nemitz et al.,
2008; Ulbrich et al., 2009). There have been very few measurements that allow a di-
rect estimation of the relative contribution of anthropogenic and biogenic precursors to20

the SOA formation and the uncertainties are still significant (e.g. Williams et al., 2007;
Kleindienst et al., 2007).

Climate and air quality models often underpredict the measured concentrations of
organics in urban and remote areas, mainly because the processes involved in the
formation and aging of secondary organic aerosols (SOA) are not well understood25

(e.g. Zhang et al., 2006). According to the study by Volkamer et al. (2006) this under-
estimation is a already a factor of 3 shortly after the start of the photochemistry and
reaches a factor of 8 in urban areas and increases as the air mass ages when using
very conservative (favoring SOA) assumptions in the model. Model comparisons using
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total OC or OA show lower underestimations, as expected due to the influence of POA
and sometimes also due to POA overestimation (de Gouw and Jimenez, 2009). These
poor modeling results translate into large uncertainties on estimated global production
of secondary organic aerosols (70–205 TgC yr−1; Hallquist et al., 2008) as well as on
their contribution to aerosol indirect radiative forcing that was qualified as an area of5

“low level of understanding” by IPCC (2007).
The modeling of SOA formation and aging is currently one of the most challenging

and most controversial aspects of aerosol research (Kanakidou et al., 2005; Hallquist
et al., 2008). Most 3-D models use a semi-empirical SOA approach (Odum et al.,
1996; Pankow, 1994) based on the gas phase oxidation of VOC precursors followed10

by gas-particle partitioning of two semivolatile products onto existing organic particles
depending on local temperature and organic mass concentration. The saturation con-
centrations of the semivolatile products are derived from fits to measurements from
smog chamber experiments of the oxidation of individual VOCs. The effect of tem-
perature on saturation concentration is taken into account using a lumped enthalpy of15

vaporization (Pun et al., 2003; Donahue et al., 2006). Generally only the lumped first
(of early) generation oxidation products from aromatic (e.g. toluene and xylene) and
terpene precursors are considered. Only a few models use a more detailed repre-
sentation of the gas-phase chemistry of SOA precursors while still using lumping and
surrogate compounds (Griffin et al., 2002). Fully explicit models have been developed20

but are too computationally expensive for 3-D applications (e.g. Johnson et al., 2006;
Camredon et al., 2007). Several limitations related to these modeling approaches have
been discussed in recent studies (Chung and Seinfeld, 2002; Donahue et al., 2006;
Simpson et al., 2007; Hallquist et al., 2008; Camredon et al., 2007).

In the past few years, evidence for new precursors and pathways to SOA forma-25

tion have been identified from measurements including oligomerization (Jang et al.,
2002; Kalberer et al., 2004; Iinuma et al., 2004), aqueous-phase production in clouds
(Warneck, 2003; Lim et al., 2005), SOA formation from semivolatile and intermediate
volatility primary compounds (Robinson et al., 2007), and SOA formation from very
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volatile species such as glyoxal (Volkamer et al., 2007). Kroll et al. (2006) and Pun and
Seigneur (2007) have shown that species such as isoprene that were previously con-
sidered not to form SOA, are likely to act as SOA precursors, and similar findings were
recently reported for benzene by Martin-Reviejo and Wirtz (2005) and for acetylene by
Volkamer et al. (2008). The nighttime oxidation of isoprene by NO3 radicals has also5

been shown to contribute to SOA formation (Ng et al., 2008). A recent chamber based
study by Song et al. (2007) suggests that SOA formation from biogenic compounds
is insensitive to the presence of hydrophobic primary particles. Their work suggested
that the traditional assumption of a well-mixed organic phase (POA+SOA) may be in-
accurate, which would have the tendency to artificially enhance model SOA yields.10

Improved SOA modules that integrate these recent advances are under develop-
ment and need extensive evaluation against chamber and ambient aerosol data. As-
sessment of the significance of some of the above mentioned SOA formation pathways
(including the role of biogenic isoprene) in an urban polluted environment is precisely
one of the objectives of the present modeling study in Mexico City.15

Modeling of organic aerosols had suffered for a long time from the limited availability
of ambient OA measurements due to their high cost, and to the low sensitivity and time
and size resolution of most OA measurement methods (McMurry et al., 2000). The
MILAGRO (Megacity Initiative – Local and Global Research Observations) field exper-
iment that took place in Mexico City during March 2006 provides in that perspective20

a unique dataset to study the formation and evolution of organic aerosols and their
precursors (Molina et al., 2008). Extensive measurement of meteorological variables,
gaseous and aerosol pollutants and radiative properties were collected at several ur-
ban and near-urban sites as well as aboard regional aircraft flights with the purpose
of characterizing the chemical nature and spatial extent of the urban plume, and its25

transformations during the outflow. The study used a large set of advanced OA mea-
surements which recorded OA data with unprecedented time resolution (e.g. 12 s in
aircraft for DeCarlo et al., 2008).

Results from both surface and airborne measurements of the aerosol composition
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indicate that Mexico City’s fine particles are dominated by organic material (e.g. Sal-
cedo et al., 2006; DeCarlo et al., 2008; Aiken et al., 2009a). The box-model study by
Volkamer et al. (2006) could only explain 35% (12%) of the observed SOA concen-
trations in the morning (afternoon) from traditional anthropogenic precursors (mostly
aromatics) inside the city during a case study with very low regional influence. Dzepina5

et al. (2009) have recently revisited that case study and shown that even with updated
aerosol yields, traditional precursors fail to explain more than 15% of the observed SOA
growth during that case study. Given the high correlation of organic aerosols with CO
and HCN, several studies concluded that anthropogenic activities and biomass burn-
ing are the main sources of organic aerosols in the Mexico City area. 14 C analyses10

have attributed 30–75% of the total carbonaceous aerosol observed at the city center
to “modern” carbon sources (i.e. biomass and agricultural burning activities, vegetation
emissions, and urban sources of modern carbon such as food cooking and biofuel use)
(Hildemann et al., 1994; Aiken et al., 2009b; Marley et al., 2009), the balance being
due to “fossil” carbon (i.e. POA and SOA from the combustion of fossil fuels). The15

relative importance of “modern” carbon seems to be higher at the near-city location
(T1) than within the city (T0) suggesting a larger regional influence of non-fossil OA
sources. It is however unclear what proportion of this modern carbon originates from
regional biomass burning vs. biogenic SOA vs. urban sources such as food cooking.
A potential influence of “hot” sources of 14C which could produce a high bias on mea-20

surements of modern carbon in the Mexico City area has recently been suggested (Vay
et al., 2009). Inside the city the formation of biogenic SOA appears to be small, e.g. in
a box-model framework Volkamer et al. (2006) report that isoprene and terpenes con-
tribute less than 5% to the total VOC-OH reactivity while Dzepina et al. (2009) report
that those species account for ∼2% of the SOA predicted to form from these biogenic25

precursors inside the city. Their estimates were however based on measured concen-
trations of biogenic VOCs within the city for a particular day characterized by very low
regional background SOA, and do not preclude a potentially higher regional contribu-
tion to SOA during other periods. We are not aware of any studies that have evaluated
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the importance of biogenic SOA on the region around Mexico City. However, the high
fraction of modern carbon observed even in periods with low biomass burning (Aiken
et al., 2009b) provides additional motivation to investigate this topic.

In this study, we use measurements from several Aerodyne Aerosol Mass Spec-
trometers (AMS) taken at three ground locations in order to evaluate the skill of the5

urban-scale chemistry-transport model CHIMERE in simulating OA within the Mexico
City metropolitan area. The main focus of the study is to investigate the efficiency of
various SOA formation pathways represented in the model and to quantify the relative
contribution of anthropogenic and biogenic SOA precursors. We compare the mea-
surements to results from Positive Matrix Factorization of AMS spectra (PMF, Ulbrich10

et al., 2009; Aiken et al., 2009a, b) which allow the quantification of hydrocarbon-like
OA (HOA, a chemically-reduced component which is considered a surrogate for urban
POA, including sources such as meat cooking), oxygenated OA (OOA, an SOA surro-
gate), and biomass burning OA (BBOA). Being able to quantify separately the BBOA
fraction allows estimating errors related to the modeling of primary organic aerosols15

from biomass burning that are difficult to predict in models due to large uncertainties
in emission factors and the amount of biomass burned (Fast et al., 2009; Aiken et al.,
2009b; Zaveri et al., 2008). In particular, small burning activities (i.e. trash and agricul-
tural fires) are not detected by satellites and therefore not accounted in the emissions
retrievals (Yokelson et al., 2009).20

Because of the great diversity of SOA formation and evolution processes we limit the
discussion in this paper to formation processes that control concentrations of organic
aerosols within the city (close to the emission sources). The evolution and aging of the
organic aerosols in the outflow of the Mexico City plume will be addressed in future
studies (Hodzic et al., 2009). The present paper is organized as follows: MILAGRO25

measurements and model configuration are described in Sects. 2 and 3 respectively.
In Sect. 4, the model ability to represent the transport and mixing of pollutants within the
city is evaluated by examining meteorological variables and primary emitted pollutants.
In Sect. 5, model predictions of primary and secondary OA are assessed against AMS
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results, and the relative contribution of the major SOA formation pathways is discussed.
Section 6 summarizes the conclusions of the study.

2 Ground observations during the MILAGRO field project

The MILAGRO (Megacity Initiative: Local and Global Research Observations) field
project took place in Mexico City in March 2006. During 1 month an extensive set5

of measurements of meteorological variables, gas and aerosol pollutant concentra-
tions, chemistry and radiation was collected from ground platforms, aircrafts and satel-
lites, and made publicly available through NCAR, NASA, and DOE data portals. The
summary of scientific objectives and experimental design is described by Molina et
al. (2008). In this section we briefly present characteristics of measurement sites and10

data sets used in this study. MILAGRO is the largest of a series of international cam-
paigns in and around Mexico City, which also includes IMADA-AVER in 1997 (Edgerton
et al., 1999) and MCMA-2003 (Molina et al., 2007).

To evaluate the model results for POA and SOA within the city basin we use
AMS measurements of submicron aerosols (approx. PM1) collected at two supersites15

(Fig. 1a) at the Instituto Mexicano del Petroleo (designed as T0) and Universidad Tech-
nologica de Tecamac (T1). Data collected by the Aerodyne Mobile Laboratory located
on an elevated site of Pico Tres Padres (PTP, 900 m above city ground) on the North of
Mexico City are also used. The AMS and its calibration and data analysis techniques
have been described in detail elsewhere (Canagaratna et al., 2007, and references20

therein). The AMS at T0 was a high-resolution time-of-flight AMS (DeCarlo et al., 2006)
while those at the other two sites were compact time-of-flight versions (Drewnick et al.,
2005) which report unit mass resolution data. Detailed analyses and intercomparisons
of the AMS data are reported in separate publications (Aiken et al., 2008, 2009a, b;
Herndon et al., 2008; Paredes-Miranda et al., 2008; Zheng et al., 2008; Huffman et25

al., 2009). The data at T0 (Aiken et al., 2009a) were consistent with previous AMS
data collected at another urban site during the MCMA-2003 campaign (Salcedo et al.,
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2006). The AMS spectra are analyzed with the PMF technique (Paatero and Tapper,
1994) as described by Ulbrich et al. (2009) and Aiken et al. (2009a). The absolute
uncertainty of the AMS concentrations is +/−25% and is dominated by the uncertainty
in particle collection efficiency, while the relative uncertainty in the separation of PMF
components is of the order of 10% (somewhat lower for high resolution data vs. the5

unit resolution data). It should be noted that AMS data are reported for ambient atmo-
spheric conditions (T&P) for all three sites, as is the model output.

Observed PBL heights were derived by Shaw et al. (2007) from measured vertical
gradients in the radio refractive indices and light scattering obtained by radar wind
profilers and a lidar, respectively. Uncertainties associated with these retrievals are of10

the order of a few hundred meters.
In addition to the MIRAGE dataset, model results have also been assessed against

surface chemical and meteorological data collected by the RAMA monitoring network.
Comparisons were performed at measurement locations (see Fig. 1) for hourly con-
centrations of ozone, carbon monoxide, nitrogen oxides and particles as well as mete-15

orological data including surface temperature, relative humidity, wind speed and wind
direction.

3 Air quality model CHIMERE

3.1 General model description

In order to simulate the formation and transport of major primary, photo-oxidant,20

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 pro-
cess studies (e.g. Bessagnet et al., 2004; Hodzic et al., 2004), operational forecast-
ing (http://www.prevair.org) 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-25

type environment, its performance in simulating aerosols has been demonstrated within
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several model inter-comparison studies (e.g. Stern et al., 2008) and field projects
(e.g. Hodzic et al., 2006) in Europe. Improving the representation of organic aerosols
constitutes one of the major challenges for CHIMERE (Bessagnet et al., 2009). A de-
tailed description of the model is presented in previous references and can also be
found on http://euler.lmd.polytechnique.fr/chimere. In this section, we briefly describe5

the aerosol module and the updates that have been included for the purpose of this
study.

Tropospheric photochemistry is represented using the MELCHIOR chemical mech-
anism (Lattuati, 1997) that includes 120 reactions and 44 prognostic gaseous species.
In addition to gaseous pollutants, 10 aerosol components are considered in the present10

application, including primary organic (POA) and black (BC) carbon, other unspecified
primary anthropogenic components, wind-blown dust, secondary inorganics (sulfate,
nitrate and ammonium) as well as secondary organic aerosols from anthropogenic and
biogenic origin, and particulate water. The size distribution is represented using a sec-
tional distribution, considering 8 size bins geometrically spaced from 40 nm to 10µm15

in physical diameter. The thermodynamic partitioning of the inorganic mixture (i.e. sul-
fate, nitrate, and ammonium) is computed using the ISORROPIA model (Nenes et al.,
1998). The dynamical processes influencing aerosol growth such as nucleation, coag-
ulation and absorption of semi-volatile species are included in the model as described
by Bessagnet et al. (2004). Heterogeneous chemical processes onto particles and a20

simplified sulfur aqueous chemistry are also considered. Dry and wet deposition for all
gaseous and aerosols species are computed as a function of the friction velocities and
stability of the lowest model layer (Wesely, 1989), and as a function of grid-averaged
precipitation rates and cloud water content (Tsyro, 2002; Loosmore and Cederwall,
2004), respectively. Clear sky photolysis rates are calculated off-line based on the25

TUV model (Madronich et al., 1998), and they are modified when in the presence of
clouds. The effect of aerosols on photolysis rates is not included (Hodzic et al., 2007).
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3.2 SOA formation from anthropogenic and biogenic VOC precursors

Modeling of secondary organic aerosol formation requires (I) a gas-phase mechanism
to predict the rate of formation of semivolatile products from the oxidation of VOCs, and
(II) a thermodynamic module to predict the gas-particle partitioning of these species. In
CHIMERE, SOA formation is represented according to a simplified approach described5

by Pun et al. (2005, 2006). The performance of this SOA formation mechanism has
been assessed mainly against smog chamber data (Pun et al., 2006), and with total
daily-averaged OC concentrations in the US (Pun et al., 2003) and Europe (Bessagnet
et al., 2009). In the present study, the predicted SOA from CHIMERE will be evaluated
for the first time against AMS measurements offering high temporal resolution and10

some chemical/source resolution.

3.2.1 Gas-phase chemistry of precursors

The MELCHIOR gas-phase mechanism has been extended to account for one-step
lumped oxidation of aromatic and biogenic compounds as shown in Table 1 (Pun et al.,
2005, 2006; Bessagnet et al., 2009). For anthropogenic compounds, three families of15

precursors are considered including benzene, toluene and other mono-substituted aro-
matics (TOL); xylene, tri-methyl-benzene and other poly-substituted aromatics (TMB);
and higher alkanes. The gas-phase chemistry (oxidation by OH, O3 and NO3) of four
biogenic SOA surrogates are considered in this study including α-pinene and sabinene
(APIN); β-pinene and δ3-carene (BPIN); limonene (LIM); ocimene and myrcene (TPO).20

Day- and nighttime chemistry of isoprene has been added for this study as described
below. Other reactive biogenic VOCs such as sesquiterpenes are not considered here
because their emissions are highly uncertain. Recent work by Liao et al. (2007) indi-
cated a small contribution of these precursors to SOA formation compared to isoprene
and monoterpene, while other studies have reported a comparable contribution to SOA25

among these three sets of precursors (Kleindienst et al., 2007).
The condensable oxidation products from both anthropogenic and biogenic precur-
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sors are lumped into 9 groups of surrogate compounds (i.e. AnA0D, AnA1D, AnA2D,
AnBmP, AnBlP, BiA0D, BiA1D, BiA2D, BiBmP) according to their physico-chemical
properties including their hydrophobicity, acid dissociation and saturation vapor pres-
sure (see Table 2). As explained by Pun et al. (2006), the physico-chemical properties
of surrogate species, such as the molecular weight, are determined based on the struc-5

ture and functional groups of each surrogate compound. The Henry’s law constant and
the saturation vapor pressure of the surrogate species are derived from the geometric
average property of the group.

In this study all hydrophilic oxidation products (e.g. AnA0D, AnA1D, AnA2D) were
grouped into a single surrogate compound (i.e. AnA1D for anthropogenics and BiA1D10

for biogenics) in order to increase computational efficiency. The stoichiometry coef-
ficient for this product was derived from the sum of the stoichiometry coefficients of
individual hydrophilic oxidation products used in the base model presented in Pun et
al. (2005, 2006). According to several studies (Griffin et al., 2002; Pun et al., 2003;
Varutbangkul et al., 2006; Prenni et al., 2007) based on laboratory experiments, most15

SOA products present in the particulate phase are not very hydrophilic. Therefore,
grouping hydrophilic oxidation products into a single hydrophilic compound (AnA1D for
anthropogenic and BiA1D for biogenic species) with moderate saturation vapor pres-
sure characteristics is not expected to greatly impact the predicted SOA mass and
seems to be a reasonable assumption in this study.20

In this work we assume that all gaseous semi-volatile organic species undergo dry
deposition based on Wesely (1989). As the deposition velocities for these species have
not yet been determined, deposition velocities have been calculated similar to NO2.
Consideration of dry deposition is expected to lower the predicted SOA concentrations
by 10–20% (Bessagnet et al., 2009).25

3.2.2 Gas/particle partitioning of condensable material

The gas/particle partitioning is treated as an external mixture of hydrophilic and hy-
drophobic particles (Pun et al., 2006). Hydrophilic SOA surrogates dissolve into ex-
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isting aqueous particles (associated with the inorganic phase) following Henry’s law.
Hydrophobic SOA surrogates absorb into organic particles according to equilibrium
gas/particle partitioning (Raoult’s law) between the aerosol phase and gas phase. The
equilibrium concentrations are a function of the particle chemical composition, temper-
ature and relative humidity for hydrophilic species (Pun et al., 2006). Similar to Bessag-5

net et al. (2009), the mass transfer between gas and aerosol phases is represented by
dynamic gas-particle absorption theory for each aerosol size bin. However, unlike in
Bessagnet et al. (2009) that used both inorganic and secondary organic aerosol mass
for the partitioning of semi-volatile organics to obtain an upper limit of SOA forma-
tion, even though equilibrium partitioning of SOA into inorganic aerosols has not been10

demonstrated experimentally, we use in this study the better justified assumption of
semivolatile 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 regional scale compared to the model formulation of Bessagnet et
al. (2009). In this study POA species are treated as non-volatile.15

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 formation 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).20

Recently, isoprene has been identified to significantly contribute to SOA formation
(e.g. Limbeck et al., 2003; Claeys et al., 2004; Kroll et al., 2006). Henze and Sein-
feld (2006) have reported an increase of a factor of 2 in predicted SOA concentra-
tions at the global scale after accounting for SOA formation from isoprene. Within
the CHIMERE model, SOA production from isoprene is represented according to the25

two-product parameterization under low-NOx conditions developed by Henze and Se-
infeld (2006) based on experimental data from Kroll et al. (2006). Table 1 presents the
first-generation oxidation of isoprene by OH leading to the formation of two semivolatile
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products (ISO1 and ISO2) that can be absorbed into aerosols following gas/particle
equilibrium partitioning theory (see Table 2).

In addition to the daytime chemistry of isoprene, it has been observed that iso-
prene mixing ratio drops rapidly after sunset when OH radicals are no longer available
(e.g. Stroud et al., 2002). The rapid reaction with nitrate radicals, NO3, is believed to5

be the major contributor to isoprene decay at night, leading to the formation of low-
volatility products (Ng et al., 2008; Brown et al., 2009). Table 1 presents the reaction
of isoprene and NO3 as it was included into CHIMERE. This first-generation oxidation
leads to the formation of two semivolatile reaction products (ISO3 and ISO4) that can
further be partitioned to the aerosol phase (Table 2).10

3.3 Model configuration and simulation design for MILAGRO

3.3.1 Model setup

CHIMERE baseline and sensitivity simulations are performed locally over the Mexico
City area using a one-way nesting procedure where a coarse simulation with a 35 km
horizontal resolution over all of Mexico and the North of Central America (Fig. 1) is first15

carried out. Boundary conditions for this regional simulation are provided by monthly
climatology of the LMDZ/INCA global chemistry-transport model (Hauglustaine et al.,
2004) for gaseous species and the GOCART model (Ginoux et al., 2001) for aerosol
species. Concentrations from this regional simulation are then used every hour to force
at the boundaries the higher resolution simulation (5×5 km2), performed over a nested20

grid of Mexico City and surrounding region (Fig. 1). Vertically, terrain following hybrid
sigma-pressure coordinates are used including 20 vertical layers, unequally distributed
between the ground and the 300 hPa pressure level.

The meteorological input fields are taken from the MM5 mesoscale model (Dudhia
et al., 1993). MM5 is initialized and forced at the boundaries by the 6-hourly analyses25

of the AVN model of the National Centers for
Environmental prediction (NCEP), given on a 1◦×1◦ grid. In order for the model to
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stay close to the analyses for this month-long simulation, the nudging option is used
above the boundary layer throughout the MM5 model domain for wind and temperature.

3.3.2 Anthropogenic emissions

Anthropogenic emissions for the Mexico City metropolitan area (MCMA) are based
on the 2002 official Mexican emission inventory (CAM, 2004). This emission set has5

already been used and evaluated in previous modeling studies over Mexico City (Lei et
al., 2007; Fast et al., 2009). The methodology used to derive spatially and temporarily
resolved emissions from total annual quantities reported in the inventory is described
by Lei et al. (2007). The total annual emissions of VOCs, CO, NOx and aerosols for
various source categories including mobile, area and point sources were transformed10

into temporally resolved and chemically speciated emission data: (I) the diurnal cycle
was applied for all species based on West et al. (2004); (II) the weekend effect was
also considered based on traffic count information for CO and resulted in an decrease
of total emissions by 10% for Saturdays and 30% for Sundays compared to week-
day emissions; (III) the volatile organic compound (VOC) speciation was performed15

following the procedure described in Velasco et al. (2007). Based on an extensive
comparison with the ground observations from the 2003 MCMA field experiment, Lei et
al. (2007) have adjusted the emissions for VOC species used in the present inventory to
better match the observed values. That resulted in an increase of 65% of the VOC total
emitted mass, but with variable adjustment for individual VOCs components. Outside20

Mexico City we complemented the MCMA emission inventory by the regional NEI 1999
emissions (M. Mena, personal communications, 2007). The description of the inventory
can be found at http://mexiconei.blogspot.com/. Fast et al. (2009) suggest that the
MCMA inventory is more accurate than the NEI for CO and EC.

Emissions from biomass burning activities are accounted for in the present study25

with the same procedures as in Fast et al. (2009) and resulting in similar predicted
concentrations. Estimates of daily emissions of trace gases and primary particles to-
gether with their geographic location were derived from satellite data as described by
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Wiedinmyer et al. (2006) and included within the CHIMERE model following Hodzic et
al. (2007).

3.3.3 Biogenic emissions

Hourly emissions of nitrogen oxides and eight biogenic VOC species (isoprene, α-
pinene, β-pinene, myrcene, sabinene, limonene, δ3-carene, ocimene) are considered5

in this study. In the standard configuration of CHIMERE biogenic emissions are calcu-
lated using the algorithms of Guenther et al. (1995), combined with emissions factors
for European species (e.g. emission potential, foliar density, tree distribution) devel-
oped by Simpson et al. (1999). As such characterization of the vegetation is not
available for the Mexico City region, biogenic emissions were generated using the10

global scale model MEGAN (Model of Emissions of Gases and Aerosols from Nature,
http://bai.acd.ucar.edu) developed by Guenther et al. (2006). The emission rates are
determined as a function of (I) gridded emission factors averaged over local plant func-
tional types (i.e. needleleaf trees, broadleaf trees, shrubs, grass, crops) at standard
conditions, and (II) several activity factors that account for variations of environmen-15

tal conditions with respect to the standard. The driving environmental variables are
(I) monthly mean leaf area index (LAI) provided with MEGAN and derived from satel-
lite observations, and (II) ambient temperature and short-wave radiation supplied at
hourly rates by the MM5 model. The variation of LAI is used to calculate a leaf-age
activity factor, while the other two variables are used to simulate the hourly vegetation20

response to leaf temperature and photo-synthetically active radiation respectively. The
evaluation of the MEGAN model with regard to isoprene emissions has been extremely
limited, and mainly based on in-situ flux measurements or satellite data of isoprene re-
action products such as formaldehyde. Muller et al. (2008) have reported a reasonable
agreement between simulated and measured isoprene fluxes over the Southern US,25

while Warneke et al. (2009) report a slight overestimation of isoprene from MEGAN
over the Eastern US and Texas. For our region of interest, we verified that the spa-
tial distribution of broadleaf trees which is the main emitter of isoprene is consistent
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with vegetation types provided by an independent data base (Global Land Cover Fa-
cility, GLCF, http://glcfumiacs.umd.edu). In addition, we compared modeled isoprene
concentrations with canister-based measurements from the G1 aircraft that were avail-
able during MILAGRO (see Supplement http://www.atmos-chem-phys-discuss.net/9/
12207/2009/acpd-9-12207-2009-supplement.pdf, Fig. 1). The comparison is limited5

to the immediate vicinity of Mexico City, and shows that predicted isoprene is of com-
parable magnitude or lower than the measured values, suggesting that the isoprene
emissions are not overestimated in our model. Similar results are also found for ground
isoprene values within the city (as discussed in Sect. 5.4). Data are however not avail-
able over forest areas in the coastal region where the highest isoprene emissions are10

predicted by the model (see Fig. 1).

3.3.4 Simulations

For this study, the CHIMERE model is run from 1 to 31 March 2006 for both regional
and urban-scale simulations. A 3-day spin-up, from 1 to 3 March, is considered to
initialize the model from climatological values and the model predictions for this time15

period are not used for comparisons with observations. Several model simulations
were carried out (see Table 3) in order to determine the relative contribution to SOA
formation of various precursor sources including anthropogenic, biogenic and biomass
burning emissions, and to evaluate the sensitivity to the gas/particle partitioning pa-
rameters. For comparison with measurements, the simulated parameters are spatially20

and temporally interpolated at the location of the measurement sites. The ground mea-
surements are compared with the model’s lowest level (about 25 m above the surface).
Only predicted organic aerosols from the lower five size bins (below 1.2µm in diameter)
were considered for the comparison with AMS measurements.
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4 Chemical and meteorological conditions

4.1 Synoptic weather during March 2006

Weather conditions during March 2006 were typical of the dry season in Mexico charac-
terized by clear skies, low humidity, and weak winds aloft associated with high-pressure
systems. Afternoon maximum temperatures within the city ranged from 20 to 29◦C, and5

surface winds were below 5 m/s most of the time (Fig. 2). According to observed wind
regimes, three types of synoptic conditions were distinguished by Fast et al. (2007): (I)
the first regime prior to 14 March was characterized by a high pressure system slowly
moving from northwestern Mexico towards the east associated with northerly and east-
erly synoptic winds over Mexico City. (II) the second regime between 14 and 23 March,10

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 as the deep convection gradually diminished after 18 March and synoptic winds
progressively turned southwest. (III) The third regime after 23 March began with the
passage of a strong cold surge that lead to higher humidity, afternoon convection, and15

precipitation over the central plateau. After 25 March, high pressure progressively de-
veloped over southern Mexico associated with westerly winds over central Mexico for
the rest of the month. A detailed overview of meteorological conditions during MILA-
GRO can be found in the overview by Fast et al. (2007).

4.2 Ozone and aerosol surface concentrations during the period20

Figure 3 shows average hourly concentrations of O3 and PM2.5 observed by urban
stations of the RAMA network during March 2006. Moderately high ozone levels are
observed during the entire month with ozone peaks generally exceeding 70 ppbv in
the afternoon, except from 18 to 20 March, a period during which peak concentra-
tions remained below average. These three days were associated with stronger winds25

both at the surface and aloft (not shown here), causing faster dispersion of pollutants.
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Ozone diurnal variability is typical of a photochemically generated pollutant with peak
concentrations occurring in the early afternoon (i.e. from 12:00 to 16:00 LT). Evening
concentrations decrease significantly and remain very low (<10 ppb) during the night
due to titration with fresh NO emissions. Strong day-to-day variability in the spatial
distribution of ozone concentrations (also true for other species) is observed during the5

MILAGRO experiment caused by important changes in the surface circulation patterns.
The PM2.5 average concentrations vary from morning peak traffic hour values of

30µg m−3 to an afternoon peak value of 50–55µg m−3. It is clear that aerosol has
both primary and secondary influences that lead to a significant increase of the con-
centrations during the morning rush hour and then a significant mass creation in the10

late morning by photochemistry. As already noted by Stephens et al. (2008) for PM10,
the observed PM2.5 evening peak occurs two hours earlier (02:00 UTC i.e. 20:00 LT)
than CO and NOx peaks (04:00 UTC i.e. 22:00 LT), and its temporal occurrence is not
well captured by the model. The presence of a large amount of coarse particles (re-
vealed by the difference between PM10 and PM2.5 observations, not shown) suggests15

that wind-blown dust is contributing significantly to the aerosol load in the late after-
noon (Querol et al., 2008) in addition to remaining high levels of secondary aerosols
produced during the daytime. The wind-blown dust is accounted for in the model, and
it represents a large fraction of the predicted PM2.5 aerosol within the city (contribution
ranging from 10% up to 70% on windy days). Background concentrations are main-20

tained over night, most likely the consequence of limited vertical dispersion of primary
emissions in a shallow nighttime boundary layer, and of transport of regionally gen-
erated pollutants into the basin from surrounding areas late in the day (Moffet et al.,
2007).

Unlike for other polluted cities, e.g. Paris (Hodzic et al., 2006) or Pittsburgh (Zhang25

et al., 2005c), we do not observe strong multi-day accumulation of pollutants within
the Mexico City basin during March 2006 despite the fact that the daily production of
primary and secondary pollutants is very intense. Although the city is in a basin and is
mostly surrounded by mountains, the valley is well ventilated at the end of the day as a
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result of converging thermally-driven circulations (Fast and Zhong, 1998; de Foy et al.,
2006) and because it is open to both the north and south (see Sect. 4.3).

4.3 Evaluation of meteorological and chemical simulation

The meteorological variables such as wind speed and planetary boundary layer (PBL)
height are essential parameters that control the dispersion and vertical mixing of5

gaseous and aerosol pollutants. Thus, before evaluating the CHIMERE chemistry-
transport model skill to reproduce aerosol pollutant concentrations we first examine
whether these meteorological variables are adequately reproduced by the MM5 mete-
orological model during the period of interest.

Figure 4 shows windroses of observed and modeled winds for each of the 15 avail-10

able RAMA surface stations. Both model and measurements indicate the occurrence
of weak (<5 m/s) and disorganized winds during March 2006 in relation with stagnant
atmospheric conditions and valley-type near-surface circulation. The valley’s influence
on wind direction is clear for stations located at the southwest edge of the city with
winds predominantly from the southwest indicative of the down-slope circulation. This15

southwesterly flow is qualitatively represented by the model. In the eastern part of
the basin, surface circulation is dominated by stronger southerly winds (up to 10 m/s)
which penetrate the basin in the afternoon through the southeast mountain gap bring-
ing background air from outside the basin (Doran and Zhong, 2000). Modeled southerly
flow is more frequent than observed and goes deeper into the basin leading to a higher20

frequency of southerly winds at four northern stations. This qualitative comparison
suggests that the model is capturing the overall features (wind direction and speed) of
the near-surface circulation reasonably well.

A more systematic comparison of measured and simulated average wind speed at
RAMA sites displayed in Fig. 2b demonstrates the ability of the model to reasonably25

reproduce the temporal variability of the wind velocity during MILAGRO. On most of the
days, predicted wind speed fall into the observational variability interval and the overall
model bias is small (0.21 m/s). During the day winds stay relatively weak (∼1 m/s)
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until late afternoon when they increase significantly (>3 m/s) favoring the dispersion of
pollutants.

Figure 2 also shows temporal trends of observed and predicted surface tempera-
ture and relative humidity averaged among all RAMA stations. Surface temperature is
predicted accurately for the entire period under study. Modeled values stay within the5

observational variability and are highly correlated with measurements (correlation of
0.97). A slight cold bias of 0.5◦C can be noticed mainly at night which is characteristic
of the MM5 model (Zhong and Fast, 2003). During March 2006, the observed RH val-
ues are adequately reproduced by the model, except for the 5–7 March period where
an overestimation of 20–30% RH in predicted values is obtained for nighttime values.10

Dryer daytime values (10–30%) as well as the increase in humidity toward the end of
March seem correctly captured by the model for these surface stations. Verifying the
model’s ability to reproduce the T and RH is important as these parameters play a
determining role in aerosol thermodynamics and chemistry.

Finally, a comparison of the MM5 planetary boundary layer (PBL) height is performed15

using measurements obtained during MILAGRO. Modeled PBL height was determined
from the Richardson number in a similar way as in Troen and Mahrt (1986), based on
a critical value (0.5) of the bulk Richardson number, in the MRF PBL scheme. Fig-
ure 5a shows time series of observed and predicted PBL heights at the urban site of
T0. Observed and simulated PBL height ranges from 2.5 to 4 km during the day. The20

comparison reveals a slight underestimation of the observed PBL height for a few spe-
cific days, but this behaviour is not a persistent bias. Following Fast et al. (2009), the
comparison of observed and predicted average diurnal PBL depth profiles provides a
better understanding of the model behaviour at T0 and T1. The sharp ascent of the
PBL in the late morning seems to occur 1 h earlier in the model than observed. The di-25

agnosing of the PBL height seems to be more challenging for the model during the late
afternoon and over night, as the predicted PBL collapses 2 h sooner than observed,
and stays significantly lower over night.

The nighttime PBL is especially difficult to model over urban areas as urban canopy
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effects are poorly represented in the MM5 model due to the absence of a specific urban
canopy model and other factors (like anthropogenic heat fluxes) affecting PBL mixing
(Liu et al., 2004; Hodzic et al., 2005). As in Hodzic et al. (2005), a minimum PBL
height of 300 m is assumed in this study to prevent unrealistically low nighttime mixing
of pollutants. It should also be noted that the comparison at sunset is more uncertain as5

PBLH retrievals from lidar and wind profiler cannot accurately distinguishing between
the top of the residual layer and the shallow inversion layer that develops during this
transition period. PBLH measurements from radiosondes confirm this large uncertainty
during sunset, and yield 300–1000 m lower PBLH values at T1 site than lidar retrievals.
Similar difficulties have also been reported for the WRF model during the MILAGRO10

experiment (Fast et al., 2009).
Errors in simulated PBL height could generate discrepancies between observed and

modeled concentrations of primary pollutants. Such is the case for CO as illustrated in
Fig. 3 (see CO average diurnal profile). Indeed, the model underestimation of the PBL
height contributes to an erroneous CO peak in the late evening and somewhat high CO15

values during the morning rush hour peak that are consistent with weaker vertical mix-
ing predicted by the model. However, there is a strong variability in CO concentrations
among RAMA stations. Model overestimation during the morning rush hour seems
to occur mainly at stations located within the city center (individual comparisons are
not shown here), where the urban canopy tends to enhance vertical mixing and lead20

to better mixed pollutants than at the edges of the city. Besides the underestimated
mixing, this location dependency suggests that primary emissions could be slightly
overestimated in some parts of the city. Finally, CHIMERE reproduces the CO aver-
age temporal fluctuations observed at RAMA stations during March 2006 quite well as
indicated by a high correlation coefficient (0.76) shown in Fig. 2.25

Systematic comparison of observed and modeled concentrations of O3, NO2 and
fine particles has also been performed for all available RAMA data during March 2006.
Unlike for CO, concentrations of these species are determined not only by primary
emissions and mixing, but also photochemical reactions. As shown in Fig. 3, the model
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reproduces the surface ozone time variations during March 2006, as indicated by a
high correlation coefficient (0.92). CHIMERE reasonably captures the sharp increase
in ozone concentrations in the late morning that correspond to the beginning of the
photochemical production of ozone. The monthly mean ozone peak concentrations
are underestimated by approximately 10% in the model. However, the peak values are5

within the range of variations among RAMA stations (Fig. 3, gray shadings). In the late
afternoon, the predicted ozone concentrations drop more rapidly than observed as a
result of a too rapid collapse of the predicted PBL height which enhances the NO titra-
tion effect. Overnight, in the absence of sunlight, ozone concentrations stay very low
and their magnitude is correctly represented by the model. These results suggest that10

ozone photochemical production and NO titration as well as ozone background concen-
trations are correctly simulated by CHIMERE. The model ability to predict ozone chem-
istry is also confirmed by a good agreement (small positive bias of 1.1 ppb and cor-
relation of 0.78, see Supplement http://www.atmos-chem-phys-discuss.net/9/12207/
2009/acpd-9-12207-2009-supplement.pdf, Fig. 2) found between observed and pre-15

dicted concentrations of oxidant Ox (defined as O3+NO2), which is a more conserva-
tive species because it is not affected by O3 titration with NO. Moreover, the evolution of
NO2 concentrations near the surface is rather well captured during this period (correla-
tion of 0.72), except on 17 and 21 March when the model overestimates the observed
concentrations by a factor of 3. This discrepancy coincides also with a major CO over-20

prediction and is most likely related to a combination of a too weak dispersion and/or
too high emissions at peak traffic hours. In general during anticyclonic conditions char-
acterized by very low winds (∼1 m/s), relatively small errors (a few m/s) in the wind
speed can translate into large discrepancies between predicted and observed concen-
trations.25

For PM2.5, the model stays on the low side of observed values throughout the day
as illustrated in Fig. 3 (see average diurnal profiles), except on the peak of the PBL
collapse, consistent with the observations above. Fine particulate matter has major
contributions from both primary and secondary species, with SOA representing about
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a quarter of the fine PM mass (Salcedo et al., 2006; Volkamer et al., 2006; Aiken et al.,
2009a). Although this model run includes SOA chemistry, the model underestimation is
expected given the fact that many studies support that SOA formation in current models
is insufficient to explain the observed ambient urban SOA levels. Issues related to the
SOA formation will be further discussed in Sect. 5.5

For both ozone and aerosols, the greatest model underprediction occurs on 10–
11 March and 18–20 March. This model error can be caused by exaggerated disper-
sion of pollutants in the model as suggested by the comparison of observed and pre-
dicted wind speed (Fig. 3). Model simulated midday winds are a factor of 2–3 higher
during these stagnant days (3 m/s instead of 1 m/s), which has a tendency to unreal-10

istically enhance the horizontal dispersion of pollutants. Fast et al. (2009) have also
reported occurrence of large errors in POA predictions related to discrepancies in wind
fields (e.g. on March 20). Those days also coincide with high biomass burning activity,
characterized by the occurrence of sharp peaks in POA measurements inside the city,
which magnitude is not captured by the model as explained in Sect. 5.1.15

5 Analysis and interpretation of modeling results

The model performance in simulating various carbonaceous aerosol components is
examined in Figs. 6 and 7. PMF analysis applied to AMS data allows separating total
organic aerosols (TOA) into hydrocarbon-like organic aerosol (HOA, a POA surrogate),
oxidized organic aerosol (OOA, a surrogate for SOA) and biomass burning organic20

aerosol (BBOA) for three locations in Mexico City (i.e. T0, T1, PTP). This specification
allows more accurate evaluation of modeled TOA components as they have very differ-
ent formation patterns: the modeled urban POA (SOA) can be compared directly to the
observed HOA (OOA). The observed BBOA mass corresponds mainly to POA emitted
by biomass burning activities. The SOA formed from BB precursors will likely be de-25

tected as OOA (Grieshop et al., 2009b) and this effect adds some uncertainty to our
comparisons. However, as discussed in Aiken et al. (2009b) the impact of SOA from
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BB precursors at T0 appears to be small during MILAGRO. Therefore, in the following
sections we evaluate model results not only for TOA as it is usually done but also for
individual contributions of POA and SOA. Table 4 summarizes the comparison results
for SOA obtained for several sensitivity runs.

5.1 Total organic aerosol5

The first panel of Fig. 6a, b, c compares the diurnal variation of observed and predicted
near-surface total organic aerosols during MILAGRO. The observed TOA features high
concentrations over the entire field campaign. Elevated TOA levels are found within the
city basin with daily maximum concentrations ranging from 20 up to 70µg m−3. The
peak values observed on 11, 18 and 21 March are associated with biomass burning10

events as indicated by the difference between POA and POA-BBOA measurements
shown on Fig. 6b and also reported by Aiken et al. (2009a). At this urban location,
the model generally reproduces the diurnal variability found in TOA observations (cor-
relation coefficient of 0.48). The comparison of observed and modeled average TOA
diurnal profiles for March 2006 (Fig. 7) shows that the model correctly replicates the15

gradual increase in TOA concentrations during the day caused by both early morn-
ing primary emissions (13:00 UTC, i.e. 07:00 LT) and mid-day production of secondary
species that starts around 18:00 UTC (12:00 LT). However, the modeled TOA only ex-
plains 55% of the observed organic material. This model underestimation is particu-
larly large in the afternoon (17:00–23:00 UTC, i.e. 11:00–17:00 LT) suggesting a very20

inefficient production of secondary organic species in the model.
The observed surface TOA concentrations gradually decrease downwind of the city.

A factor of 2 decrease could be noticed at the PTP elevated site, and a factor of 4
decrease at the T1 near-urban site (Fig. 7). At the T1 site, the highest TOA concen-
trations are associated with the downwind advection of pollutants from the city or the25

biomass burning events (e.g. 21 March). According to Doran et al. (2007), this site is
much less affected by the Mexico City plume than expected, with the exception of 18,
19, 20, 24 and 27 March. The rest of the time regional background conditions pre-
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vail. At this downwind location discrepancies between modeled and observed TOA are
large both in terms of magnitude and temporal variability. Observed TOA concentra-
tions are underestimated by a factor of 2–3 and the correlation with the measurements
is reduced (R2=0.28). While the observed TOA features a pronounced diurnal cycle
with peak values at 12:00 UTC and 20:00 UTC, the modeled diurnal profile is rather5

uniform with large underprediction of the mid-day production of the aerosol due to the
photochemistry. It should also be noticed that T1 is located at the northeastern border
of the city that is growing continuously. This spatial expansion might not be reflected in
the current emission inventory which could contribute to the model underprediction of
aerosol concentrations.10

The comparison with AMS data at the PTP site confirms model underestimation of
TOA levels. Located on a hill only 10 km downwind of the city center, the PTP site
is greatly influenced by urban activities. Because of its elevated topography (900 m
above the city ground), TOA concentrations display however a very specific diurnal
profile with a peak value occurring at 16:00 UTC, which is 3 h later than at T0 and T1.15

As explained in Fast et al. (2009) this sharp increase in concentrations at 18:00 UTC
coincides with the growth of the PBL above the altitude of the station and the arrival of
the city pollution.

This comparison clearly shows model difficulties in simulating TOA levels in this pol-
luted region, difficulties that seem to increase with the distance from emission sources.20

Given that the model predicts reasonably well the concentrations of gas phase species,
it is likely that the aerosol errors result either from an underestimation of POA emissions
or an underestimation of SOA formation.

5.2 Primary organic aerosols

The second panel of Fig. 6a, b, c assesses model performance in simulating POA dur-25

ing March 2006 and the accuracy of primary emissions. At T0, CHIMERE successfully
reproduces the observed POA diurnal variation (R2=0.59) characterized by an early
morning peak associated with traffic (Fig. 7). Predicted POA lies between measured
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anthropogenic POA (crosses) and the measured total POA that accounts for both an-
thropogenic and biomass burning emissions. POA peak values are correctly simulated
by the model most of the time, except as previously mentioned on three specific days
(11, 18, 21 March) influenced by intense biomass burning activities. As shown in
Fig. 6a, for these days, the model tends to underestimate the observed peaks by a5

factor of 2 even though modeled POA takes into account biomass burning emissions.
Possible reasons for this underprediction include: (I) the inaccurate representation of
small burning activities (<1 km in size) within the city, which are currently unaccounted
for in the emissions inventory (Yokelson et al., 2007); (II) the dilution of the smoke emis-
sions within 5×5 km2 model grid boxes which results in more spread BB plumes and10

smother gradients in POA concentrations associated with the fires. The comparison of
diurnal profiles also shows the model tendency to overpredict nighttime concentrations.
This pattern has already been seen for other primary species such as CO, and is most
likely caused by a too shallow nighttime boundary layer over the basin. The agreement
is still reasonable at T1, although the model tends once again to underestimate by15

15% the average morning POA peak concentrations as shown in Fig. 7. As previously
mentioned, the emission inventory does not represent well the spatial expansion of the
city at this location. In addition, the model spatial resolution (5×5 km2) is too coarse
to capture sharp spatial emission gradients associated with the presence of a major
highway near T1.20

At PTP, larger discrepancies between observed and modeled POA values are found.
While POA average concentrations seem to be captured by the model with small pos-
itive bias, the predicted diurnal variability is inconsistent with observations. The pre-
dicted morning POA peak occurs 2–3 h earlier than observed. This time the shift most
likely has a dynamic origin to it. As previously mentioned, the late arrival of pollu-25

tants over the elevated PTP site is associated with the growth of the PBL above 900 m
(station’s altitude). Although there is no evidence for the more rapid growth of the PBL
height (see Fig. 5b) in the model, the unrealistic upslope winds (see Fig. 4) could be ad-
vecting city pollution more rapidly to PTP. In addition, as suggested by Fast et al. (2009),
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the model horizontal resolution of 5 km is most likely insufficient in order to accurately
resolve the topography of the PTP site. Therefore, the simulated peak height is several
hundred meters lower than the actual height of this site, causing this site to stay all the
time inside the polluted boundary layer. According to the difference between measured
anthropogenic POA and total anthropogenic and BB POA it seems that the absolute5

contribution of biomass burning is reduced outside of the city (<3µg m−3 at PTP and
T1) compared to their influence within the city basin (∼5µg m−3). This may be due
to the closer location of most fires to T0 compared to T1. An alternative explanation
is the influence of very small fires (from cooking, biofuel use, etc.) may be occurring
within the city or that sources of partially oxidized aerosols such as meat cooking may10

be retrieved together with BBOA due to some similarities in the spectra of both POA
sources (Mohr et al., 2009). However the results of Aiken et al. (2009a) suggest that
this source is small since the BBOA concentration is very low during the days in which
regional biomass burning is suppressed.

Diurnal POA profiles simulated by the CHIMERE model are very consistent with the15

results reported by Fast et al. (2009) for the WRF/Chem model suggesting that the
treatment of primary aerosol emissions from both anthropogenic and biomass burn-
ing activities is correctly handled in this study. These results also show that primary
emissions of organic aerosols do not have major biases and suggest that TOA under-
estimation is mainly caused by poor representation of secondary organic aerosols.20

5.3 SOA formation from anthropogenic precursors

5.3.1 Reference run

SOA predictions from a reference model simulation (ANT-T) are first examined in order
to quantify the amount of SOA that can be explained by the first-generation oxida-
tion of anthropogenic precursors. According to Volkamer et al. (2006) SOA production25

from anthropogenic precursors accounted for over 95% of the calculated daytime SOA
production within the city for their case study, during which there was very low back-
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ground and regional influence (which is relatively unusual for Mexico City). Figure 7
presents the comparison of monthly mean diurnal profiles of predicted SOA and ob-
served OOA at the 3 locations under study. The shape of the OOA diurnal profile
features a strong enhancement in concentrations during the morning associated with
an active photochemical production of SOA close to the emissions (i.e. T0, PTP). The5

diurnal variability is less pronounced at the peripheral T1 station and displays a more
gradual increase of concentrations during the day. Similar to TOA concentrations, OOA
surface levels gradually decrease downwind of the city with monthly average concen-
trations ranging from 7.5µg m−3 at T0 to 4.6µg m−3 at T1. Table 4 indicates that the
reference run (i.e. ANT-T) severely underpredicts the observed OOA levels, typically by10

a factor of 5–10 for various stations. Figure 7 confirms that the predicted SOA values
lie well below the observed ones and their associated variability range.

These results are certainly consistent in many ways with earlier studies performed
in this region; however, an intriguing feature emerges from this comparison. As il-
lustrated in Fig. 7, the predicted morning average SOA production rate of 4µg m−3

15

matches within a factor of 2 the intensity of the observed increase at the urban
site in the early afternoon, although the discrepancy grows to a factor of 5–10 by
20:00 UTC (i.e. 14:00 LT). This similarity in the relative diurnal cycles when the back-
ground OOA is excluded explains the observed correlation with the OOA measure-
ments. The comparison (see Supplement http://www.atmos-chem-phys-discuss.net/9/20

12207/2009/acpd-9-12207-2009-supplement.pdf, Fig. 3) also shows that the predicted
SOA that was photochemicaly generated within the city tends to evaporate within the
growing PBL during early afternoon, while the observed SOA stays elevated until late
afternoon (22:00 UTC, i.e. 16:00 LT) despite the enhanced afternoon PBL mixing and
lower OA concentrations available for the gas/aerosol partitioning. One possible reason25

for the increasing discrepancy later in the day is that as the aerosol ages the organic
material tends to stay more permanently in the particle (despite dilution) which is not
captured correctly in the model (i.e. the model evaporates half of the freshly produced
SOA material). This is consistent with thermal denuder measurements at T0 which
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showed that the measured OOA was significantly less volatile than typical model SOA,
and that the more aged OOA (OOA-1) was less volatile than the fresher OOA (OOA-2)
(Huffman et al., 2009; Dzepina et al., 2009). The sensitivity of model results to the
gas/aerosol partitioning is discussed further below.

The large model underestimation is present throughout the day, about 6–8µg m−3 at5

T0 for example, suggesting that in addition to the local photochemical production, re-
gional SOA levels might be underpredicted. Regional pollution is indeed advected into
the city during the late afternoon under the influence of southerly winds that have the
tendency to clean out pollutants generated during the day and bring cleaner regional
concentrations. The fact that predicted SOA concentrations drop rapidly after the col-10

lapse of the PBL in the late afternoon to very low values (<1µg m−3), and remain
close to zero overnight is an additional indication that background levels are not well
predicted and potentially also that the model SOA is too volatile. As expected, large
discrepancies between modeled and observed SOA concentrations are observed at
the two other sites.15

5.3.2 Emissions of aromatics

Low SOA background levels are the result of an inefficient regional production of SOA
which could be related to a number of uncertainties surrounding SOA formation. An-
thropogenic emissions of SOA precursors certainly constitute one of them. The repre-
sentation of VOC chemical composition, as well as their temporal and spatial variation20

is very crude in current inventories. The extensive dataset collected during MILAGRO
campaign enables the evaluation of predicted VOC precursors. Figure 8 compares av-
erage diurnal profiles of predicted and observed mono-substituted (e.g. toluene, ethyl-
benzene) and poly-substituted (e.g. xylene, trimethylbenzene) aromatics at T0, which
are the dominant anthropogenic SOA precursors in Mexico City according to tradi-25

tional SOA models (Volkamer et al., 2006; Dzepina et al., 2009). Even qualitative
comparison suggests that the model matches quite well with the observed concentra-
tions both in terms of magnitude and temporal variation. A slight overestimation of the
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morning peak is expected though as predicted aromatic surrogates include species
that are not present in the measurements. As for other primary species, there is no
indication of a systematic model bias for aromatic SOA precursors. This is consis-
tent with the results of Fast et al. (2009), whom however point out that the concen-
trations of most other VOC types have significantly more problems than the aromat-5

ics. As OH is the oxidant controlling the chemistry of VOC precursor species, we
have also verified that the model reasonably reproduces OH concentrations during
this period (see Supplement http://www.atmos-chem-phys-discuss.net/9/12207/2009/
acpd-9-12207-2009-supplement.pdf, Fig. 4). The model underestimates OH at night
and overestimates the mid-day peak, but the overall average is well-captured.10

5.3.3 Sensitivity to partitioning coefficients

Besides uncertainties in VOC emissions, the choice of parameters used in SOA equi-
librium partitioning can make a large difference on predicted SOA levels in some cases
(e.g. Simpson et al., 2007). In particular, determination of saturation vapor pressure
and enthalpy of vaporization of semi-volatile aerosols remains highly uncertain (Kanaki-15

dou et al., 2005; Offenberg et al., 2006; Stainer et al, 2008; Faulhaber et al., 2009;
Hallquist et al., 2009). Also, in the traditional lumped approach, chemically similar
compounds are lumped into a single surrogate compound which is assigned a unique
saturation pressure and vaporization enthalpy representative of the group. This surro-
gate compound undergoes only first generation oxidation which does not allow accu-20

rate representation of changes in volatility with increased degree of oxidation (i.e. de-
crease in volatility with aged material). These approximations can significantly affect
the gas/aerosol partitioning and the amount of the predicted SOA. In addition, freshly
absorbed organic species can further react inside the particle by oligomerization creat-
ing larger molecules with a lower vapor pressure that irreversibly stay inside the aerosol25

(e.g. Kroll and Seinfeld, 2005; Pun and Seigneur, 2007). If these processes are impor-
tant and are not compensated by others such as fragmentation of molecules leading
to more volatile species, the aerosol organic mass can increase as well as the aerosol
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ability to absorb additional semi-volatile compounds.
Given the limited knowledge on these mechanisms, we do not attempt to include

them in this study. To perform a first-order evaluation of their potential impact on pre-
dicted SOA concentrations, partitioning toward the particulate phase is artificially in-
creased by lowering the saturation vapor pressure by two orders of magnitude (i.e. by5

a factor of 100 for all species). The ANT-EP sensitivity study should be seen there-
fore as an upper limit of the SOA production from traditional anthropogenic precursors
when calculated with traditional model formulations (from the same initial amount of
precursors as for ANT-T). Figure 7 shows the comparison between ANT-EP and the
reference run for three stations under study. A near doubling of average predicted10

SOA concentrations can be noticed during the day. The early morning increase in the
model now approaches the measured one at T0 and PTP soon after the start of the
photochemistry and less so later on, leading to a better agreement with observations.
The overall bias and root mean square error are decreased somewhat, but the model
sill falls short of the observations. Despite these statistical improvements, the night-15

time discrepancy is not reduced which is indicative of a missing formation process or
precursor in the model.

5.4 Unexpectedly large contribution of biogenic precursors

5.4.1 Presence of biogenics

One of the SOA formation pathways that have not been explored so far in Mexico20

City is the production from biogenic precursors. Although SOA formation from anthro-
pogenic pollution is significant in and downwind of urban areas, the global SOA burden
is thought to have the largest contribution from biogenic sources, with a 50% contri-
bution from isoprene (e.g. Tsigaridis and Kanakidou, 2007). The fraction of modern
carbon within Mexico City (Marley et al., 2009; Aiken et al., 2009b) is higher than the25

estimates of the biomass burning contribution to OC (Stone et al., 2008; Aiken et al.,
2009a, b), which leaves room for other sources such as biogenic SOA or urban sources
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of modern carbon (Hildemann et al., 1994). The concentrations of biogenic precursors
within the city are more than an order of magnitude lower than for the aromatics, and
thus the formation of SOA from these species within the city is thought to be small
(Volkamer et al., 2006; Dzepina et al., 2009). For example, Fortner et al. (2009) re-
ported daily peak values of 1.7 ppb for isoprene and 1.2 ppb for monoterpenes at T05

(see Fig. 3 of Fortner et al., 2009) vs. 100 ppb for total aromatics. While isoprene can
have both biogenic and anthropogenic origin, monoterpenes are clearly not produced
by anthropogenic activities within the city, and are either advected from surrounding
mountains or long-range transported from remote coastal areas.

Figure 1b shows the spatial distribution of isoprene emission fluxes estimated from10

the MEGAN model for March 2006 over Mexico and Central America. As expected,
near the metropolitan area isoprene emissions are several orders of magnitude lower
than those from aromatics (e.g. the flux of mono-substituted aromatics is estimated as
20 Tons/day within the city, not shown). However, much larger emissions of isoprene
are found in the coastal regions, esp. southwest of Mexico City. Even though the15

lifetime of isoprene is relatively short (∼1–2 h), SOA formed from these precursors has
a much longer lifetime (∼5–7 days) and can be long-range transported to Mexico City
from the Southwest and the Gulf of Mexico under the influence of the regional winds
contributing therefore to the SOA regional background levels. An order-of-magnitude
estimate of the regional contribution of isoprene to SOA background concentrations is20

presented here to evaluate the potential importance of this source. Given a relatively
low wind speed during this period, we assume that isoprene emitted within a 150 km
radius around Mexico City can influence the regional SOA formation and reach the
basin. Assuming a 2% SOA mass yield from isoprene, we estimate SOA regional
production as approximately 20 Tons/day within the given perimeter. This estimate25

corresponds to an emission flux of SOA of approximately 290µg/m2/day, which results
in a total production of ∼1.5µg m−3 over 5 days period (assuming an average boundary
layer dispersion of 1 km). This amount is of the same order of magnitude as SOA
production from mono-substituted aromatics, estimated as 34 Tons/day in this same
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region (assuming a 9.6% yield). These estimates suggest that biogenic SOA levels in
the Mexico City region are far from negligible.

The influence of biogenic sources on predicted SOA levels in Mexico City by the
CHIMERE model is quantified in Table 4. Compared to the reference simulation, the
BIO-T run significantly reduces the model underprediction of SOA levels at all three5

stations. The model bias is reduced by more than 20% as well as the RMS error indi-
cating an improved agreement with observations. A decrease in correlation coefficients
is observed for the PTP site and could have a dynamic origin as already discussed for
primary species. The increase in predicted SOA concentrations of 1–2µg m−3 is ob-
served throughout the day as illustrated in Fig. 9. In particular, the comparison of SOA10

diurnal profiles between BIO-T and ANT-T runs shows that nighttime SOA levels are
much better captured when biogenic sources are taken into account. SOA concentra-
tions are reproduced within a factor of 3 at all sites, however predicted SOA diurnal
profiles stay at the bottom edge of the observation variability interval.

Additional sensitivity runs (not shown here) have been carried out in order to deter-15

mine whether biogenic SOA particles found within the basin have been locally produced
on the hills surrounding Mexico City or long-range transported from the coastal region.
Model results indicate that only a few percent of biogenic SOA has a local origin, the
major fraction being produced upwind on the coastal areas and advected into the city.
The largest contribution to biogenic SOA is from regional isoprene (>60%). Produc-20

tion from monoterpenes is smaller, which is consistent with the fact that emissions of
monoterpenes are one to two orders of magnitude lower than those of isoprene in the
model.

5.4.2 Role of anthropogenic emissions of isoprene

Although it seems very likely that regionally produced biogenic isoprene contributes25

significantly to SOA formation within the city, it should also be noted that isoprene con-
centrations are surprisingly elevated within the city throughout the day (1–2 ppb; see
Fig. 8). The diurnal variability of isoprene concentrations has a strong anthropogenic
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signature to it with peak concentrations occurring during traffic rush hours. The anthro-
pogenic character of isoprene within the city is also confirmed by the comparison of
observed concentrations with the results of two model runs at T0 (Fig. 8): the model
sensitivity run BIO-ANT that accounts for anthropogenic emissions provides much bet-
ter agreement with observations than the original BIO-T run. The anthropogenic iso-5

prene is likely contributing to urban SOA formation, especially given its high reactivity.
According to the results of the sensitivity run BIO-ANT, SOA formation from anthro-
pogenic isoprene (with OH chemistry) is not negligible during MILAGRO: 0.20µg m−3

increase in the monthly mean SOA concentrations at T0.

5.4.3 Nighttime chemistry of isoprene10

Finally, in addition to SOA formation from the reaction of isoprene with OH, we also
investigate the importance of the oxidation of isoprene by NO3 radicals. This reaction
occurs only at night and consumes unreacted isoprene that has accumulated during
the daytime. The recent study by Ng et al. (2008) estimated that the production of SOA
from nighttime chemistry of isoprene is comparable to the production from aromatics15

on a global scale, and Brown et al. (2009) used aircraft observations of isoprene and
NO3 that this mechanism made a modest contribution to SOA formation over the New
England region. Table 4 shows the effects of isoprene nighttime chemistry on the
predicted total SOA in the vicinity of Mexico City. The average production of SOA is
increased by approximately 0.15µg m−3 within Mexico City (run BIO-NT), leading to a20

slightly better agreement with the observations. However the effect of this mechanism
is limited in comparison to the background SOA production from isoprene daytime
chemistry, since the regions of high isoprene and high NO3 radical are mostly disjoint.

5.4.4 Enhanced partitioning to the aerosol

Similar to anthropogenic precursors, biogenic SOA surrogates can be irreversibly par-25

titioned to the aerosol phase as they undergo heterogeneous reactions inside the par-
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ticles. Surratt et al. (2006) have identified the presence of oligomers among the SOA
products of isoprene. If these processes are enhanced in the atmosphere compared to
chamber studies, the SOA mass could be significantly increased. Because parameter-
izations for these reactions are currently unavailable, it is difficult to accurately quantify
the fraction of the surrogate species that stays trapped inside the particle. Similar to5

the ANT-EP run, the partitioning to the aerosol phase was artificially increased by two
orders of magnitude in order to provide a first-order estimate the upper limit for SOA
concentrations that can be formed from biogenic sources present in the region. As
expected, the BIO-EP run leads to an enhancement of SOA concentrations as a result
of a greater partitioning of semivolatile species into the aerosol phase. The increase in10

concentrations is constant throughout the day (∼2–3µg m−3) at all sites, as the BSOA
is produced at the regional scale, upwind of the city. Even though a much better agree-
ment is reached between modeled and observed SOA diurnal profiles (Fig. 9) with this
run, correlation coefficients are decreased indicating higher spatio-temporal inconsis-
tencies in the BSOA fields. In particular, the model bias has been significantly reduced15

in the early afternoon but not completely eliminated in the model predictions. The im-
portant conclusion from these results is that biogenic SOA formation is sensitive to the
choice of partitioning parameters (which are currently highly uncertain). If chemical
aging of semi-volatile gaseous precursors or oligomerization reactions within the par-
ticle could lower the vapor pressure species as much as assumed here, the predicted20

amount of the BSOA could increase by a factor of 2. This sensitivity to partitioning pa-
rameters has already been reported by Johnson et al. (2006) during the TORCH 2003
field study in the UK. In order to match the AMS-derived OOA concentrations, Johnson
et al. (2006) had to increase all partitioning coefficients by a factor of 500 suggesting
the occurrence of unaccounted chemical processes within the aerosol.25

5.5 How large is the underpredicted SOA mass?

The interpretation of the comparison results for pollutant concentrations performed at
the surface is largely dependent on the model ability to predict their vertical dispersion
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within the boundary layer and the PBL depth itself. This dependence can be mis-
leading, and drive our focus on solving discrepancies encountered during nighttime
when errors are amplified due to the presence of shallow PBL. Here, we introduce
another way of evaluating the predicted SOA levels based on comparisons of their
column-integrated mass (within PBL) which is not influenced by the vertical dilution.5

Figure 10 shows the comparison of PBL-integrated SOA concentrations as observed
at T0 and predicted by three model runs previously discussed (i.e. ANT-T, BIO-T and
BIO-EP). The observed SOA column was calculated assuming a uniformly distributed
SOA mass throughout the PBL (by multiplying the surface SOA concentrations by the
PBL depth), while the modeled SOA concentrations were integrated within the pre-10

dicted PBL. The comparison of the PBL-integrated SOA mass clearly shows that major
discrepancies between the model and measurements occur during daytime (16:00–
24:00 UTC, i.e. 10:00–18:00 LT) although the model underprediction of SOA surface
concentrations by the reference run (ANT-T) appears to be constant when plotting sur-
face concentrations (6–8µg m−3) throughout the day as previously shown. The model15

underprediction for the reference simulation (ANT-T) ranges from 2 mg/m2 during the
nighttime up to 23 mg/m2 in the afternoon, which correspond roughly to an under-
prediction of the observed SOA mass over the MCMA region (assuming an area of
30×30 km2) from 1.8 Tons at night and up to 20.7 Tons during the day. This under-
prediction is indeed similar to those reported by Volkamer et al. (2006); Kleinman et20

al. (2008), and Dzepina et al. (2009) when using traditional SOA models and using
ratios of OOA to excess CO to remove the effect of dilution. Accounting for biogenic
VOC precursors (BIO-T) contributes to reduce these discrepancies by half during the
nighttime, however a large underestimation (up to 21 mg/m2 or 18.9 Tons) persists dur-
ing the day. This comparison once again highlights the limitations of the traditional25

SOA formation approach, and the need for more complex parameterizations for air
quality models. Significant improvement in SOA predictions is obtained under the as-
sumption of greatly enhanced partitioning of oxidized semi-volatile material with the
aging of aerosol particles in the afternoon. As shown in Fig. 10, the BIO-NT run re-
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produces fairly well the SOA levels at night and lies within the observation variability
interval during the day. The model underprediction of the SOA mass is indeed reduced
from ∼20 Tons down to ∼8 Tons as estimated in the early afternoon (20:00–21:00 UTC,
i.e. 14:00–15:00 LT).

5.6 Discussion5

Systematic evaluation of the predicted primary and secondary 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. Figure 11 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 results10

presented are based on the integrated run (best-guess run BIO-NT) in which SOA
is formed from all sources discussed above (i.e. anthropogenic, biogenic, nighttime
chemistry as well as biomass burning). The % contribution is computed from monthly
mean concentrations of source-tagged species.

In agreement with our previous analyses, model results indicate that anthropogenic15

SOA concentrations reach their highest values within the Mexico City basin close to
the emission sources, and that they gradually decrease at the regional scale. The
average SOA production from anthropogenic activities is estimated to be 3µg m−3,
and is comparable in magnitude to the predicted regional background (∼2µg m−3).
The percentage contribution of various components to the total SOA amounts shows20

a strong spatial variability as illustrated in Fig. 11b–c. Within the Mexico City basin,
predicted average contributions from anthropogenic and biogenic sources appear to
be of the same order.

Although this result contrasts previous modeling studies, which reported that SOA
formation within Mexico City was dominated by anthropogenic precursors (Volkamer et25

al., 2006; Kleinman et al., 2008), previous studies had not considered the advection
into Mexico City of SOA formed on the regional scale. Note that our results provide
an average estimate of this contribution during March 2006, which can vary from day-
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to-day based on meteorological conditions. For instance, this source was negligible
during the case study of Volkamer et al. (2006) and Dzepina et al. (2009) due to the
low backgrounds and wind speeds in that case which made SOA formation dominated
by urban precursors. The presence of biogenic SOA is consistent with the high fraction
of modern carbon in aerosol within the city reported by Marley et al. (2009) and Aiken5

et al. (2009b), which reaches 30–45% even during periods with low biomass burning.
Similar to the fraction of modern carbon reported for the measurements which was
higher at the T1 than T0 site (Marley et al., 2009), the relative importance of BSOA
increases at the regional scale and represents more than 90% of the modeled SOA
mass. One should keep in mind that these contributions are relative to the total pre-10

dicted SOA amount. Clearly, if some sources are underestimated in the model the
relative contribution of other species may appear unrealistically high.

Besides aromatic and biogenic precursors, there is reason to believe that
semivolatile POA contributes greatly to the formation of SOA. A recent box-model study
by Dzepina et al. (2009), suggested that these primary species could be responsible15

for more than 70% of the observed SOA within Mexico-City for a local-SOA dominated
case study during the MCMA 2003 field project. The influence of this mechanism is
evaluated in Hodzic et al. (2009) for the MILAGRO field project.

Finally, forest and agricultural burning also contribute to ambient SOA concentra-
tions. Biomass burning emissions are included in all of our simulations as well as the20

SOA formation from fire-emitted VOCs. A sensitivity study (not shown here) has shown
that their influence on SOA production is however limited (∼2%) in the model results
and arises mainly in the hills surrounding Mexico City. The net effect of SOA formation
from biomass burning on total BBOA mass is uncertain at present, different studies
report results that vary between no net increase (Capes et al., 2008) and doubling of25

the primary BBOA (Yokelson et al., 2009). However Grieshop et al. (2009a) showed
that SOA formation from traditional precursors significantly underpredicted the amount
of SOA formed from some types of wood smoke in a smog chamber. Thus it is likely
that our prediction of SOA formation from BB emissions is also biased low. Grieshop et
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al. (2009a) suggest that the SOA formed from BB emissions is dominated by that from
semivolatile and intermediate volatility species (SVOC+ IVOC) which are not consid-
ered in current models, and the effect of this mechanism will be evaluated in the follow
up study (Hodzic et al., 2009). From the point of view of the observations, the impact of
SOA from BB emissions appears to have been limited at the T0 site during MILAGRO,5

mainly because the largest impact was observed in the early morning due to emis-
sions in the evening which had not undergone photochemical processing (Aiken et al.,
2009a). This finding is confirmed by the lack of variation of the OOA concentration
between the high and low fire periods during MILAGRO (Aiken et al., 2009b).

6 Conclusions10

This article uses an air quality model to investigate the processes controlling organic
aerosols, with a particular focus on SOA formation, in the vicinity of Mexico City.
The CHIMERE model results have been evaluated against aerosol mass spectrom-
etry measurements at three ground sites in the framework of the 2006 MILAGRO field
campaign. For the first time we were able to assess separately the model results for15

primary and secondary organic fractions during a month-long time period.
Because of complex meteorology associated with the Mexico City basin, the ability of

the CHIMERE/MM5 model in simulating meteorological variables and dispersion of pri-
mary pollutants has been assessed (for the base case simulation) prior to the aerosol
results. In addition to the base simulation, several sensitivity runs have been performed20

in order to address the question of the origin of SOA particles and the sensitivity to the
choice of partitioning parameters. The following specific conclusions arise from the
study:

(I) The model/measurement comparison shows absence of systematic bias in sim-
ulated meteorological variables that are responsible for pollutant dispersion and25

transport including wind speed and boundary layer height. A slightly underesti-
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mated PBL overnight is suspected to lead to weak dispersion of primary-emitted
species and their overestimation by the model.

(II) The comparison reveals an overall agreement between measured and simulated
gas-species during the study period of March 2006.

(III) Observed concentrations of primary organic aerosols are reasonably reproduced5

by the model throughout the day indicating that there is no significant bias in
aerosol primary emissions related to anthropogenic activities and biomass burn-
ing. Our modeling results on POA are consistent with previous studies (Fast et al.,
2009) that used the same emissions and also considered POA as non-volatile.

(IV) Less than 15% of the observed SOA within the city can be explained by the tra-10

ditional mechanism based on oxidation of anthropogenic precursors. The gap
between modeled and observed concentrations strongly varies during the day.
The model tends to capture within a factor of two the rapid photochemical produc-
tion of SOA immediately after sunrise, however the discrepancy increases several
fold during the day, and the observed nighttime SOA concentrations are severely15

underestimated (modeled SOA levels close to zero).

(V) Regional biogenic precursors (isoprene and monoterpenes) play an important
role in regional SOA formation which is advected into Mexico City. Modeled SOA
concentrations during nighttime are dominated by biogenics, with predicted BSOA
levels close to 2µg m−3, reducing the model overall bias by 20% at all sites.20

The presence of anthropogenic emissions of isoprene within the city and the SOA
formation during nighttime from the oxidation of isoprene by NO3, contribute an
additional 15% increase in the total simulated SOA. However, accounting for both
anthropogenic and biogenic SOA precursors as described by current models ex-
plains only 35% of the observed SOA within the city, showing the limitations of the25

traditional approach.
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(VI) Concentrations of mono-substituted and poly-substituted aromatics are reason-
ably reproduced by the model which indicates that traditional anthropogenic 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.

(VII) Gas/aerosol partitioning is poorly understood and constitutes a sensitive param-5

eter for the prediction of SOA levels. Sensitivity runs indicate that a much better
agreement with SOA observations can be achieved when vapor pressures of var-
ious organic compounds are artificially decreased by two orders of magnitude.
This decrease may possibly happen if semi-volatile organic precursors undergo
multiple generations of oxidations or if organic species oligomerize inside the par-10

ticle leading to a less volatile mix of species. This artificially 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 polymerization processes were to be considered.

(VIII) The comparison of daily SOA profiles also pointed out the model inability to re-15

tain more permanently the freshly formed secondary organic aerosols inside the
particulate phase during the afternoon hours. Although sensitivity runs with en-
hanced partitioning toward the aerosol phase provided more realistic daily av-
erage SOA concentrations, the comparison revealed the model tendency to ex-
cessively evaporate the freshly formed SOA particles during the early afternoon20

(characterized by higher PBL dilution and lower amount of primary organics avail-
able for the gas/aerosol partitioning). The model inability to simulate this persis-
tent SOA fraction is suggestive of missing processes, such as oligomerization,
likely to modify the nature of the partitioning species ad shift the equilibrium to-
wards the particulate phase.25

(IX) The comparison of the PBL column-integrated SOA mass at the T0 site allowed
quantifying the missing SOA mass in the model in this region. We estimated that
within the MCMA area the model underprediction ranges from 1 Ton at nighttime
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up to 20 Tons in the afternoon when considering the traditional SOA formation
approach from both anthropogenic and biogenic VOC precursors. The assumed
extreme enhanced partitioning toward the aerosol phase allowed reducing the
model underprediction from a factor of 5(∼20 Tons) down to 30% (∼8 Tons) during
the day. This new way of evaluating the predicted SOA mass using the column-5

integrated concentration highlights the extent of the SOA mass underprediction
in current models and the potential influence of this gap on the estimates of the
aerosol direct radiative forcing in this region.

(X) The contribution of biomass burning to SOA production is very small in the model
but it is likely underestimated. The effect of SOA formation from SVOC + IVOC10

emitted from BB sources will be evaluated in the follow-on study.

(XI) According to our modeling results, the relative contribution of biogenic SOA (mod-
ern carbon) to the predicted monthly mean SOA amount is in the range 40–65%
at T0, and that ratio increases to 65–90% at the regional scale (T1) during MILA-
GRO which is consistent with recent measurements of C14 (Marley et al., 2009;15

Aiken et al., 2009b) during low biomass burning periods.

Obtaining perfect agreement with the observed SOA values is extremely challeng-
ing, and it is beyond the objectives of this paper, because of large uncertainties
involved at every step of the SOA modeling. We have identified one of the im-
portant missing processes in this region, but there are many more areas of un-20

certainties and directions for improvement to be considered. The results of the
present work have an important impact on the way the future modeling studies in
this region should be designed.
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Table 1. Gas-phase chemical mechanism for SOA formation as used in the CHIMERE model.

VOC Precursors Oxidation Reactions Kinetics (cm3 molec−1 s−1)

Toluene TOLa,b+OH→0.005 AnA1D+0.084 AnBmP+0.013 AnBlP 1.81×10−12exp(355/T)
Tri-methyl-benzene TMBa,b+OH→0.005 AnA1D+0.088 AnBmP+0.006 AnBlP 9.80×10−9/T
Higher alkanes ALKc+OH→0.07 AnBmP 1.36×10−12exp(190/T)(300/T)−2

α−pinene and sabinene APINa+OH→0.57 BiA1D 1.21× 10−11exp(444/T)
APINa+NO3→0.80 BiBmP 1.19×10−12exp(490/T)
APINa+O3→0.39 BiA1D 1.01×10−15exp(-732/T)

β−pinene and δ3-carene BPINa+OH→0.21 BiA1D 2.38×10−11exp(357/T)
BPINa+NO3→0.80 BiBmP 2.51×10−12

BPINa+O3→0.26 BiA1D 1.50×10−17

Limonene LIMa+OH→0.455 BiA1D 1.71×10−10

LIMa+O3→0.19 BiA1D 2.0×10−16

Octimene and mycene TPOa+OH→0.775 BiA1D 5.1×10−16/T
TPOa+NO3→0.775 BiA1D 4.3×10−9/T
TPOa+O3→0.555 BiA1D 7.5×10−14/T

Isoprene ISOd+OH→0.232 ISO1+0.0288 ISO2 2.55×10−11exp(410/T)
ISOe+NO3→0.089 ISO3+0.203 ISO4 7.0×10−13

a 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 com-
putational 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 laboratory experiments, most SOA products present
in the particulate phase are hydrophobic (Pun et al., 2003 reported >80% of 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 reason-
able assumption. The following molecular weight (g/mol) and enthalpy of vaporization (kJ/mol) were considered for
SOA surrogates: AnA1D (168 g/mol; 88 kJ/mol), AnBmP (152 g/mol; 88 kJ/mol), AnBlP (167 g/mol; 88 kJ/mol), BiA1D
(170 g/mol; 88 kJ/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 Ssimilar to Bessagnet et al. (2009).
d Henze and Seinfeld (2006) formulation under low-NOx conditions.
e Nighttime chemistry of isoprene following Ng et al. (2008).
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Table 2. Proprieties of hydrophobic organic aerosols in CHIMERE.

Condensable Species Saturation vapor Partition Saturation Vaporization
pressure (Pa)a coefficient concentration enthalpy (kJ/mol)

(m3/µg) (µg/m3)

AnBlP 2.67×10−7 / 1.8×10−2 88
AnBmP 4.0×10−4 / 24.54 88
BiBlP 8.0×10−8 / 9.62×10−3 175

BiBmP 4.0×10−5 / 3.81 175
ISO1 / 8.62×10−3 116 88
ISO2 / 1.62 0.62 88
ISO3 / 1.82×10−4 5495 88
ISO4 / 4.6×10−5 21 739 88

a the partitioning parameters are given at 298 K for AnBIP, AnBmP, BiBIP, BiBmP, and 295 K for
isoprene derived species.
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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 to-
ward 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 anthro-
pogenic sources

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

BIO-NT Similar to BIO-ANT including the nighttime production of
SOA from isoprene
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Table 4. Comparison of observed and simulated OOA concentrations during MILAGRO exper-
iment for the 5 sensitivity simulations listed in Table 3.

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

(ANT-T) (ANT-EP) (BIO-T) (BIO-NT) (BIO-EP) (ANT-T) (ANT-EP) (BIO-T) (BIO-NT) (BIO-EP) (ANT-T) (ANT-EP) (BIO-T) (BIO-NT) (BIO-EP)

Mean obs. (µg/m3) 7.54 4.62 5.86
Bias (µg/m3) −6.67 −5.61 −5.26 −4.91 −0.69 −4.44 −4.06 −3.66 −3.51 0.52 −5.4 −4.74 −4.37 −4.11 −0.17
RMSE (µg/m3) 8.16 7.00 7.24 6.95 4.63 4.94 4.58 4.25 4.13 2.90 6.28 5.44 5.52 5.35 3.30
Correlation 0.56 0.63 0.35 0.37 0.50 0.18 0.23 0.16 0.18 0.17 0.50 0.64 0.03 0.05 0.32

The bias is computed as follow: Bias(µg/m3)=(1/N)
∑
i

(Mi−Oi ); the Root Mean Square Error is defined as: RMSE(µ

g/m3)=
√

(1/N)
∑
i

(Mi−Oi )
2; Where N is the number of samples, Oi are observations and Mi are model predictions.

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

a)  

b)  

Figure 1 

Fig. 1. CHIMERE geographical domains used over the Mexico region. Runs were performed at (a) fine (i.e. 5×5 km2)
and (b) coarse (i.e. 35×35 km2) horizontal resolution respectively. The contours represent the distribution of emissions
(Tons/km2/day) averaged over 4–30 March 2006 period for (a) anthropogenic CO in the vicinity of the Mexico City and
(b) regional isoprene estimates from the MEGAN model. The location of MILAGRO field campaign measurement sites
used in this study including supersites (T0, T1, T2), mobile site of Pico de Tres Padres (PTP, cross north of T0) and
RAMA monitoring air quality network (dots) are also included. Isocontours indicate the terrain height, with contours
from 1 to 4 km. MC indicates the location of Mexico City.
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Figure 2 

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.
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Figure 3 

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). 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−6 h) 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 stations; 19 NO2 stations; 25 CO stations, 8 PM2.5 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/.
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Figure 4 

a)  

b)  

Figure 5 

Fig. 4. Wind roses as predicted and observed at RAMA stations within the Mexico City basin
indicating both the wind direction and the wind speed (m/s) during the MILAGRO experiment
(i.e. 4–30 March 2006 period). The circle indicates the 10% occurrence. Winds appear to be
generally weak and disorganized within the basin.
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Fig. 5a. Planetary boundary layer heights (PBLH) at the urban T0 site (a) as predicted by
CHIMERE (full line) and observed by the radar wind profiler (dots). Daily averaged PBLH
profiles are also displayed (b) for the T0 urban site (left panel), and the T1 near-urban location
(right panel). Model predictions and variability are indicated by black solid line and vertical bars,
while radar wind profiler observations and their variability are represented by black dots and
shaded area. For T1, observations from radio soundings (diamonds) and lidar data (triangles)
are also plotted when available. The 24 and 25 March undergo unstable, cloudy weather
conditions. The correspondence with the local time (LT=UTC−6 h) is indicated on the upper
x-axes of the diurnal profile plots.
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Fig. 5b. Planetary boundary layer heights (PBLH) at the urban T0 site (a) as predicted by
CHIMERE (full line) and observed by the radar wind profiler (dots). Daily averaged PBLH
profiles are also displayed (b) for the T0 urban site (left panel), and the T1 near-urban location
(right panel). Model predictions and variability are indicated by black solid line and vertical bars,
while radar wind profiler observations and their variability are represented by black dots and
shaded area. For T1, observations from radio soundings (diamonds) and lidar data (triangles)
are also plotted when available. The 24 and 25 March undergo unstable, cloudy weather
conditions. The correspondence with the local time (LT=UTC−6 h) is indicated on the upper
x-axes of the diurnal profile plots.
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Fig. 6. Time series of modeled and observed surface concentrations (µg m−3) of various carbonaceous compounds
including total organic aerosol matter (TOA), primary organic aerosol (POA) and oxygenated organic aerosol (OOA).
Comparison is made at the (a) urban site T0, and two near-urban sites (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 biomass burning emissions. Model results shown on the POA comparison panel includes also
primary organic aerosols from biomass burning.
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Figure 7 
Fig. 7. Observed and predicted average diurnal profiles of total organic aerosol matter (TOA), primary organic aerosol
(POA) and oxygenated organic aerosol (OOA) at T0 (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.

12277

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/12207/2009/acpd-9-12207-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/12207/2009/acpd-9-12207-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 12207–12281, 2009

Modeling organic
aerosols during

MILAGRO

A. Hodzic et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 69 

 

Figure 8 

 

 

Figure 9 

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).
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Figure 8 

 

 

Figure 9 Fig. 9. Observed and predicted average diurnal profiles of OOA at T0, 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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Figure 10 

 

 

 

 

Fig. 10. Average diurnal profiles of column-integrated oxygenated organic aerosol (OOA,
µg m−2) within the boundary layer as observed and modeled during MILAGRO at T0. Similar to
Fig. 10, 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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Figure 11 
Fig. 11. Modeled SOA concentrations (µg×m−3) for March 2006 based on BIO-T simulation
(a). Percentage contribution % to total SOA is shown for (b) anthropogenic emissions and (b)
biogenic emissions.
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