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Abstract. The evolution of organic aerosols (OA) in Mex- mass continues to increase for several days downwind de-
ico City and its outflow is investigated with the nearly ex- spite dilution-induced particle evaporation, since oxidation
plicit gas phase photochemistry model GECKO-A (Gener-chemistry leading to SOA formation remains strong. In this
ator of Explicit Chemistry and Kinetics of Organics in the model, the plume SOA burden several days downwind ex-
Atmosphere), wherein precursor hydrocarbons are oxidizeadeeds that leaving the city by a factor 8B. These results

to numerous intermediate species for which vapor pressuresuggest significant regional radiative impacts of SOA.

are computed and used to determine gas/particle partitioning
in a chemical box model. Precursor emissions included ob-
served C3-10 alkanes, alkenes, and light aromatics, as WeH
as largem-alkanes (up to C25) not directly observed but es-
timated by scaling to particulate emissions according to thei

Introduction

volatility. Conditions were selected for comparison with ob- ‘Aerosols are major constituents of the troposphere, with ef-
Y- P fects on human health (Pope and Dockery, 2006), urban

servations made in March 2006 (MILAGRO). The model ; . D

. . and regional photochemistry (Jacobson, 1999), precipitation
successfully reproduces the magnitude and diurnal shape fopratterns (Rosenfeld et al., 2008), and directly or indirectly
both primary (POA) and secondary (SOA) organic aerosols, N ’

it FOA pesking e ey momng at15-20ygand 11 SIS (KSecon oL 0, 2008, P o, 0 2000
SOA peaking at 10-15 pgmd during mid-day. The major- P

ity (>759%) of the model SOA stems from reaction prod- mass of organic aerosols (OA) often exceeds that of aerosol

sulfate, nitrate, and soot combined (Zhang et al., 2007;
ucts of the largei-alkanes, used here as surrogates for all . .
) - " : .~ Jimenez et al., 2009). OA mass concentrations can vary from
emitted hydrocarbons of similar volatility, with the remain-

3 .
ing SOA originating mostly from the light aromatics. Sim- <1pgnT™in the remote atmosphere (e.g. Coe et al., 2006)

3 . . B ey
ulated OA elemental composition reproduces observed H/ gljn72t“§]| nzoi%)hlir;zopsmwéﬁg ggaéf:t;iic: arzie\;g ?iget
and O/C ratios reasonably well, although modeled ratios de- Y i P 9 Y

f different chemical compounds (e.g. Ketseridis et al., 1976;

velop more slowly than observations suggest. SOA chemicaly, o - iPeS RIS B 1 2004). The organic
composition is initially dominated b§hydroxy ketones and constituents may 7be gro,uped into two l;road categories, pri-

nitrates frqm the large alkanes_, with contr|but|or_ls from per-mary and secondary (e.g. Finlayson-Pitts and Pitts, 2000).
oxy acyl nitrates and, at later times when NOXx is lower, or- _ . : . .
. : . . Primary organic aerosol (POA) results from both direct emis-
ganic hydroperoxides. The simulated plume-integrated OA . : o
sions of particles, and partitioning between the gas and par-
ticle phases of unreacted (i.e. primary) partially volatile or-
ganic emissions (Donahue et al., 2006). Secondary organic

Correspondence tal. Lee-Taylor aerosol (SOA) comprises photo-oxidation products of hydro-
BY

(julial@ucar.edu) carbons, of both anthropogenic and biogenic origins (e.g.
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Heisler and Friedlander, 1977; Pandis et al., 1991; Turpin etole of alkanes in SOA formation, using the explicit gas
al., 1991; Pandis et al., 1992; Griffin et al., 1999; Aumont etphase chemistry model GECKO-A (Aumont et al., 2005).
al., 2000; Claeys et al., 2004; Goldstein and Galbally, 2007;This model predicts the chemical identity of many thousands
de Gouw and Jimenez, 2009; and works therein). Instru-of reaction products through multiple generations of chem-
mental techniques distinguish between two main types of oristry, as well as their properties relevant to gas/particle par-
ganic aerosol; minimally oxygenated “HOA’ and highly oxy- titioning. We apply the explicit model to a case study of
genated “OOA", usually interpreted as analogues for POASOA formation in Mexico City and its outflow plume, ex-
and SOA, respectively. Field observations show that OOApanding upon the VBS study of Hodzic et al. (2010a). The
mass generally outweighs HOA mass even in urban sourcdlexico City region was studied in the March 2006 MILA-
regions (Zhang et al., 2007), and that OOA mass dominanc&RO field campaign (Molina et al., 2010). A wide range
increases downwind and regionally as OA ages and photoef aerosol characteristics was observed in MILAGRO, in-
chemistry progresses (e.g. de Gouw et al., 2008; Zhang etluding aerosol mass concentrations (Aiken et al., 2009),
al., 2007). The implied dominance of SOA in the OA budget atomic ratios (oxygen and nitrogen to carbon ratios) (Aiken
calls for a deeper understanding of the chemical and physicadt al., 2008), presence of specific functional groups (Liu et
processes involved in its formation and evolution, as complexal., 2009), and formation rates (Kleinman et al., 2008). We
as they may be, to enable and improve prediction of OA andevaluate our model in Sect. 3 of this work by comparing with
its many influences on the atmosphere. observations. In Sect. 4 we place the results in context, dis-
Implementation of SOA in atmospheric models is still in cussing uncertainties and model limitations, and highlighting
its infancy. Early model parameterizations attempted to de-areas where further research is needed to improve our under-
scribe SOA formation by applying aerosol yields from cham- standing of chemistry leading to SOA formation.
ber studies, such as those of Odum et al. (1996), Griffin et
al. (1999), Pankow et al. (2001), Jang and Kamens (1999)
and Kroll et al. (2005) to observations of reactive organic
gases. Results, whether in remote or polluted areas, fell shog 1 The chemical mechanism generator
by 0.5-2 orders of magnitude, (e.g. Heald et al., 2005; Volka-~

mer et al., 2006). More recently, some improved agreemenirys sy uses a chemical mechanism generator model in
has peen obtained by considering th_e pool of partly volatile,.qmpination with a 0-D chemical box model. The chemi-
relatively large hydrocarbons, e.g. in the C11-C25 range | mechanism generator GECKO-A (Generator of Explicit
that are not measured as rogt!nely as those Cl_O or Smalle(;;‘hemistry and Kinetics of Organics in the Atmosphere) was
Robinson et al. (2007) subdivide these according o VapOyescriped in detail by Aumont et al. (2005) with updates by
pressure in deca_d_al steps (the volatlll_ty basis set, VBS), fol-camredon et al. (2007) and Aumont et al. (2008). In brief,
lowed by an additional decade drop in vapor pressure eachhe model gives a nearly explicit representation of the chem-

time a molecule is oxidized, e.g. by OH. Refinements ONicyry of gliphatic compounds via structure-activity relation-
these parameters have been proposed (Grieshop etal., 200@}ih5  Sych relationships are not easily predicted for aro-

and may depend on conditions. The VBS approach has beeg,atic compounds, so the chemistry for these species is taken

implemented for Mexico City in box models by Dzepina et 4, the eeds MCM V3.1 mechanism (Bloss et al., 2005a)

al. (2009) and in three-dimensional chemistry-transport mody, | ajiphatic products are generated. Saturation vapor pres-

els (CTMs) by Tsimpidi et al. (2010), Hodzic et al. (2010a), gres of all non-radical species in the mechanism are com-

and Li (_at al. (2011). These studies yielded e_lerosol mass Co'buted using the method of Myrdal and Yalkowsky (1997)
centrations that are larger and more consistent with obserg i, boiling points estimated using the group contribution

vations than in previous parameterizations. In the VBS apethod of Joback and Reid (1987). The group contribu-
proach, the initial volatility distribution is taken from labora- ions used for the hydroperoxide and nitrate moieties are
tory dilution experiments on diesel exhaust (Robinson et al. ;¢ specified in Camredon and Aumont (2006). Equilibrium

2007), and the total mass is scaled to either observed POfj55_aerosol partitioning (Pankow, 1994a) is computed using
concentrations, or POA emissions inventory with multiplica- g4t law, iterated each timestep over the list of all con-

tive factors that often approach an order of magnitude. Theyenging species to account for the influence of each species

success of these models supports the hypothesis that semjp, {he total aerosol mass, and until the particle-phase con-
and intermediately-volatile organic compounds (S/IVOCS) .antrations of all species change k.1 % between itera-

are major precursors of SOA in Mexico City, and points 10 (jons. This model configuration assumes an instantaneously
the need to better understand their chemistry. well-mixed aerosol phase of undefined particle size. Activity

Here, we consider the explicit gas-phase chemistry-of  qefficients are assumed to equal unity. No in-aerosol chem-
alkanes leading to condensable and partly oxidized mtermel-Stry or surface effects are considered.

diates. The alkanes have long been recognized as important
in Mexico City (Blake and Rowland, 1995; Apel etal., 2010).
We explore the chemical diversity of SOA and the potential

2 Model description
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Table 1. Initial (midnight) values of inorganics, OVOCs and se- Nonadecane and eicosana¢@nd Go) were allowed to re-

lected VOCs defined in the Mexico City box model. act through five generations, while larger NMHCs were re-
stricted to three generations of chemistry. A sensitivity test

Initial mixing showed these assumptions to have negligible impact on mod-

Species ratio (ppbv) References eled gas/aerosol partitioning. Species were addressed in or-
Boundary Background der of increasing carbon number and structural complexity,
layer so that the chemistry of previously-identified fragmentation

products was not restricted. The GECKO-A chemical reac-

O3 15 50 R;T : . :

NOy (as NG») 50 01 RS tion mechanism generated from these precursor species con-
HONO 1.4 0 L;E sists of alImost 6 million reactions among 1.1 million unique
co 963 126 E;E chemical species, including 0.28 million organic non-radical
Formaldehyde (methanal) 10 0.5 D;E

Methanol 53 0.5 F;E . . i

Acetaldehyde (ethanal) 75 o F 2.2 Box model: meteorological description

Acetone (propanone) 14 0 F .. . . L .
Propanal 20 0 E The explicit chemical mechanism is implemented in a O-
Methacrolein 2.4 0 F D (box) model which employs a two-step solver (Verwer,
Methyl vinyl ketone 24 0 F 1994; Verwer et al., 1996) with variable timestep. Diur-
Ethyl acetate 8 0 F nally varying photolysis frequencies are calculated using
Ethyne 8.3 0 A . h .. ..

Isoprene 026 0 A the TUV (tropospheric ultraviolet-visible) radiative transfer
Methylcyclopentane 0.60 0 A model (Madronich and Flocke, 1997), and reduced by 20 %

to approximate attenuation of incoming solar radiation by

A Median urban values, Apel et al. (2016)Estimate Mean daytime values at To, ~ tropospheric aerosols (Castro et al., 2001; Corr et al., 2009).

Fortner‘et al. (2009)'1* .Li et al. (2010);R Midnight citywide monlthly mean (Sistema For the present study, the model was driven with diuma”y_

S;U“gi?;‘g;?ng‘if;ﬁf’;g%°éﬂ“,f§;’p“;§;@Y;“,_”gggé;‘f-g°b'm*’s'ma@’s Minmam - varying meteorological boundary conditions representative
of the average situation in Mexico City during March 2006.
The box model calculates the rate of change with timef

Chemical mechanisms generated using GECKO-A can bé 9as-phase chemical speciess follows:

extremely large with millions of chemical species and reac-4[A]

tions, complicating their implementation in even a simple =;~ = Pehem— Lchentt-

box model suph as is used here. Tvyo se_ts of assumptlonﬁemis/z_kdepm]_kvem([A]_[Abg]) — kent(IA] = [AxD) (1)

are made routinely to reduce mechanism size (Valorso et al.,

2011). First, species with vapor pressures below!3@&tm  where [A] is the concentration, in units of molecules®

are assumed to partition exclusively to the particle phaseand subscripts bg and ft denote values for background

They are thus removed from the gas phase scheme and genaind free troposphere air respectivelyPehem and Lchem

ate no further products. Next, some longer-chain species arare the rates of production and loss with respect to both

lumped into chemically similar isomers, according to a hier- photochemistry and gas-aerosol partitioning (with units

archical decision tree based on molecular structure (Aumonbf molecules m3s™1), and Pemis is the emissions rate

et al., 2008). Without these two assumptions, the number ofmolecules m?s-1). Boundary layer heights, were based

species in a mechanism containing onkalkanes increases on the observations of Shaw et al. (2007), with the overnight

by almost an order of magnitude for each new carbon addedoundary layer height fixed at 250 mkgep, kvent @and kent

to the alkane (Aumont et al., 2005). Implementing both as-(units s1) are the first-order rate coefficients of depositional

sumptions reduces the mechanism to a manageable size (witbss, ventilation (lateral exchange with the background at-

fewer than one million species for any singlealkane oxi-  mosphere via advection and mechanical mixing) and en-

dation mechanism), without introducing significant error in trainment (vertical exchange with the free troposphere as the

box-model simulated ozone and SOA mass (Valorso et al.boundary layer height increases):

2011) relative to the comparable fully-explicit mechanism dinz

(Aumont et al., 2008). kent= max{ —',0} (2

The inorganic species and primary non-methane hydrocar- dt

bons (NMHCs) represented in our simulations are listed in  The assumption implicit in the box model of rapid mix-

Tables 1, 2, and 3. We apply an additional assumption tang within the boundary layer is supported by observations

control mechanism size, by restricting the number of suc-showing no altitude dependence of Or particulate matter

cessive generations of oxidation undergone by the longestfe.g. de Foy et al., 2006; Greenberg et al., 2009). Diurnally

chain NMHCs. A generation is defined as a sequence of/arying ventilation rate coefficient&yen, (Fig. 1), were esti-

reactions that begins and ends with a non-radical speciesnated from wind speeds collected at 15 sites of the Ambient

www.atmos-chem-phys.net/11/13219/2011/ Atmos. Chem. Phys., 11, 132241-2011
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Table 2. NMHCs measuretlin Mexico City and included as emissions in the model. Background values for each species were assumed to
be zero.

Species Measured concentrations Modeled emissions
name (pptv) (1®moleccnt?s™ 1)
Citywide TO Grouﬁ Noon emission
241P daytime& rate
Ethane 5101 6447 ETH 1900
Propane 30809 37536 HC3 12900
n-Butane 12569 20332 HC3 6980
i-Butane 4221 8266 HC3 2840
2,2-Dimethylbutane 469 656 HC3 225
i-Pentane 4555 8380 HC5 2950
n-Pentane 3012 5016 HC5 1770
n-Hexane 1628 4493 HC5 1580
2,3-Dimethylbutane 2550 2959 HC5 1040
2-Methylpentane 1919 2894 HC5 1020
3-Methylpentane 1324 2057 HC5 724
2,2,4-Trimethylpentane 718 1045 HC5 118
n-Heptane 367 679 HC5 239
Cyclopentane 251 365 HC5 128
2,3,4-Trimethylpentane 286 335 HC5 28
2,4-Dimethylpentane 198 301 HC5 368
Cyclohexane 235 301 HC8 176
n-Octane 154 245 HC8 136
Decane 154 224 HC8 124
n-Nonane 102 123 HC8 68
Ethene 6908 7808 oL2 3480
Propene 1756 1765 OLT 1320
1-Butene +i-Butene 880 1022 OoLT 762
1-Pentene 101 264 oLT 197
3-Methyl-1-butene 58 126 OLT 94
1,3-Butadiene 152 122 OLT 91
2-Methyl-2-butene 219 606 oLl 718
trans+cis-2-Buterfe 249 770 oLl 499
trans+cis-2-Pentefie 243 546 oLl 185
Toluene 8944 10649 TOL 3640
Benzene 931 1703 TOL 581
Ethylbenzene 532 938 TOL 320
m-Xylene 452 845 XYL 745
1,2,4-Trimethylbenzene 434 834 XYL 735
o-Xylene 238 404 XYL 356
p-Xylene 180 373 XYL 329
3-Ethyltoluene 118 244 XYL 215
4-Ethyltoluene 68 138 XYL 122
1,3,5-Trimethylbenzene 70 115 XYL 101
2-Ethyltoluene 52 108 XYL 95

a Measured values are from Apel et al. (2010), unless otherwise rfbtedyes also used as model initial concentratiSngalues used to apportion model emissidhsmission
groups are defined as per the RACM mechanism (Stockwell et al., 198@)listinction is made in the model between trans- and cis- isomers.

Air Monitoring Network (Red de Meteoroldg y Radiadbn at night to 3.3m3s! during mid-afternoon. These values
Solar, REDMET, available onlinehttp://www.smadf.gob. were converted to dilution rate coefficients by division over
mx/simat2). Hourly wind speed values were averaged overthe 40 km city length scale. Wet and dry deposition were ne-
the entire month on an hourly basis first by city sector andglected. The Mexico City region was generally dry for much
then over the city, giving mean values varying from 1Ths  of March 2006 (Fast et al., 2007), hence wet deposition may

Atmos. Chem. Phys., 11, 132183241 2011 www.atmos-chem-phys.net/11/13219/2011/
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Table 3. Assignment of emissions of longer-chairalkanes used as surrogates for all unmeasured NMHCs.

Carbon  Species C* 298K \olatility Noon emission rate
# name (ngm3)  bind (10° moleccn2s1)
11 n-undecane %10°  None 210
12 n-dodecane x10°  IvOCs 185
13 n-tridecane %10°  IVOCs 171
14 n-tetradecane 210°  IVOC, 99
15 n-pentadecane 510*  IVOC, 92
16 n-hexadecane 1810% IvOCP 92
17 n-heptadecane 8103 IVOC%, SVOGy 76
18 n-octadecane % 10°  SVOGs 62
19 n-nonadecane 1%510° SVOGs 35
20 n-eicosane x 10t SVOG;, SVOG 30
21 n-henicosane & 10°  SVOG, 25
22 n-docosane x10° SVOG 23
23 n-tricosane 21071 svog 9.6
24  n-tetracosane 21072 SVOG, SVOG 6.9
25 n-pentacosane §10°3 SVOC; 4.4

2 Bin definitions correspond to those used by Hodzic et al. (20?031’)1 “IVOC1” was designated “IVOg + SVOC;” by Hodzic et al. (2010a).

0 1 1 1 200 City center ambient surface temperatures (REDMET, refer-
oo ook vent ence as above) were approximated as a sine function about
| oo okeent 291K, with a diurnally repeating peak-to-peak amplitude of
heiont 13K, maximizing at 16:30 local time (CST). Times will be
expressed in CST throughout this work. We find that over
24 h> 99 % of an inert tracer is flushed from the box model
by advection and entrainment, indicating that a one-day spin-
up period is sufficient for the emissions and chemistry to
reach steady state. Prescribed meteorological conditions are
summarized in Fig. 1.

Two different scenarios are modeled. The Eulerian run
represents the situation in the city, with meteorological pa-
local time (h) rameters and emissions profiles repeated on a daily basis.
The Lagrangian run represents the evolution of an air par-
Fig. 1. Meteorological parameters prescribed in the box model Eu-cel in a model Mexico City outflow plume and was started
lerian simulations. Solid lines show boundary layer height (km, at 15:00, using output from the Eulerian simulation as initial
black, left axis) and temperature (K, red, right axis). Dotted lines conditions. To simulate a free-floating air parcBmis and
§howkent, the first-ordgr rqte ofentr.ainmen't, i.e. vertical incorpora- kent Were set to zero, anklent was replaced withkgi, the
tion of free tropospheric air due to increasing boundary layer depthrate of dilution with background air, with a nominal value of
(expressed in units of day, blue, left axis), andvent the first- 1day . The diurnal temperature c;/cle was kept the same as
order rate of ventilation, i.e. lateral exchange with background air . . . . 4 -
due to advection and mechanical mixing (in units of thygreen, for the Eulerian run to smpllfy the interpretation of _the box
left axis). model results, although different temperature evolution could
also be envisioned. Model output was obtained at 15 min res-
olution.

+ 295

N
©
o

kvm'v keml (d-l)
[9)]
(M) ainyesadwa)

Boundary layer height (km)

reasonably be omitted. Dry deposition may have some ef-

fect on our results, with removal rates of order of a day for2.3 Box model: chemical initialisation and emissions

the most labile compounds (e.g., HY@ith a deposition

velocity of 3cm st in a 2 km boundary layer) and could be- Initial conditions and emission rates for inorganic and pri-
come important in multiday simulations if the air parcel re- mary organic species represented in our simulations are listed
mains in contact with the ground. In any case, parameters foin Tables 1, 2, and 3. Where measurements exist, NMHC
dry deposition of SOA and its precursors are poorly known.concentrations were initialised using 24-h citywide mean

www.atmos-chem-phys.net/11/13219/2011/ Atmos. Chem. Phys., 11, 132241-2011
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01 —NO nonvolatile organic seed aerosol with a constant concen-
e o tration of 2ugnt® and a mean molecular mass of 200
_ a.m.u. (atomic mass units), based on the estimate of Hodzic
£ 07 — —omEm et al. (2009) for biogenic and biomass burning-derived
Té e aerosol present in the city from the regional background.
2 006 | \ TeTHCS Halving or doubling the seed aerosol amount changes day-
E 7l Hee time SOA mass by< +4 %, showing that model daytime
3 ooa l —m— XYL SOA is relatively insensitive to the seed amount chosgn.
'f—é ' —o—ToL NMHCs larger than 10 carbons were not measured during
5 ——oL2 MILAGRO; however, these species are of critical importance
0.02 N, ot since their lower volatility means their reaction products are
! oL expected to contribute significantly to SOA (e.g. Robinson
\ | ——sivoc et al., 2007). Quantification of emissions of low-volatility
0 +

000 600 1200 1800 000 species is complicated by their existence in both gas and pri-
mary particle phases, and a lack of species-resolved mea-
surements in either phase. Recently, Tsimpidi et al. (2010)

: . . _ and Hodzic et al. (2010a) used volatility-resolved emis-
Fig. 2. Diurnal cycles of prescribed emission rates, by lumped . . ! . . .
chemical group (see Table 2 for group names and cons’[ituents)sIOnS es“m‘_”ues_to simulate em'ss'on of an unSpeC'at?d pri-
Emissions are normalized in this figure such that the daily sum of @ry organic mixture. Following the method of Hodzic et
the hourly emissions for each species is unity. The model interpo-2l. (2010a), we based our estimate of emissions of semi-
lates linearly between input data points (indicated by symbols). ~ and intermediately-volatile organic compounds (S/IVOCs)

on the Mexico City inventory (CAM, Comision Ambiental

Metropolitana, 2006) which has daily POA emissions near
observations from Mexico City (Apel et al., 2010). Back- the TO site of~19 kg knm2d~! and diel emissions variation
ground and free troposphere concentrations of NMHCs notas shown in Fig. 2. Again following Hodzic et al. (2010a),
listed in Table 1 were assumed to be negligible for the pur-we multiplied the inventory POA emissions by 7.5 to allow
poses of the present study. Emissions of species listed ifior gaseous co-emissions, and divided the resulting mass into
Table 2, and of CO and NO, were based on the emissionins based on the VBS approach of Robinson et al. (2007).
inventory and diurnal patterns for Mexico City used by Tie The VBS bins are defined in terms of logarithmic steps in ef-
et al. (2009) in the WRF-Chem model, see Fig. 2. WRF-fective saturation concentratiod't, with units of pug nr3).
Chem lumps chemical species based on their reactivity, as The chemical identities of the S/IVOCs emitted in Mexico
per the RACM mechanism of Stockwell et al. (1997). We City are unknown, and therefore it was necessary to specify
estimated emissions of individual species by first assigningsurrogate species to represent all emitted partially-volatile
each of the primary NMHCs in our simulation to a lumped NMHCs. We usen-alkanes for our model surrogate emis-
group according to its chemical characteristics including OHsions. Alkanes as a class are a major contributor to an-
reaction rate. We then assigned emissions rates of the variouhropogenic emissions (Lim and Ziemann, 2005, and ref-
species within a group in proportion to their relative abun- erences therein). Alsa;-alkanes provide relatively simple
dances in the mean daytime observations from the MIRAGEchemical analogs for the many possible branched isomers,
urban background measurement site TO (Instituto Mexicanavhich make minor individual contributions to the NMHC
del Petroleo) (see Table 2 of Apel et al., 2010). The totalatmospheric burden but together contribute a mass compa-
molecular emissions rate for each lumped group was specirable to that ofz-alkanes (Fraser et al., 1997). In princi-
fied as in Tie et al. (2009), except for the HC8 group (com- ple, branched alkanes may undergo more fragmentation than
prising of octane, nonane, decane, and cyclohexane) whicdo n-alkanes, especially if the degree of branching is high
we reduced by a factor of 5 to allow our modeled mixing ra- enough to force fragmentation rather than radical isomeri-
tios to more closely match the observations. Our noontimesation. However, since diesel fuel (which will be respon-
emission rate for benzene is almost identical to that derivedsible for the majority of C12—-C20 alkanes in Mexico City)
from airborne eddy covariance flux measurements (Karl eis predominantly linear, we assume that the ratio of branch-
al., 2009), while our emission rate for toluene is about 35 %ing to chain length is sufficiently low that calculated SOA
higher. yields will not be significantly affected. For each of the

Organic aerosol is formed in the box model by instan- Cy1_25 n-alkanes, we estimated* at 298K via the method
taneous equilibration of partially volatile species betweenof Myrdal and Yalkowsky (1997). We then assigned the
the gas and organic particle phases according to Raoult'alkane to the appropriaté* bin in the volatility-based emis-
Law. We assume ideality, i.e. all activity coefficients sions mass distribution. In some casesiaalkane was di-
are set to unity. In order to initiate condensation to thevided between two bins, or twe-alkanes were assigned to
aerosol of modeled chemical species, we prescribe an idedhe same bin. Undecane{{ is too volatile for the topmost

local time (h)
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Fig. 3. Modeled diurnal cycles of major inorganic gases in Mexico City during March 2006. Hourly mean observations fog, @ O
and NQ are citywide averages for the entire month, with error bars showing one standard deviation about the mean (SIMAT). Hourly mean
observations of OH and Hfare from TO between 14 and 31 March (Dusanter et al., 2009a). NooR€ervations are shown.

bin (IVOC3), so it is treated as a purely gaseous speciessimat2/ number of sites varies by species), and of OH and
with estimated emissions between those of decang @d HO, taken at the TO site (Dusanter et al., 2009a). Simulated
dodecane (&). The resultingz-alkane emission rates are NOy matches observations during daytime (generally 09:00
given in Table 3. Total estimated S/IVOC emissions wereto 18:00), although we overestimate ozone and, NvDile

143 kg knT2d~1 near the TO site, as in Hodzic et al. (2010a). underestimating NO. The ozone-NO-kN€ystem is dynamic
with species interconverting on timescales of minutes. The
plotted observations, however, represent monthly means over
~20 measurement stations of hourly averaged ambient con-
centrations, and thus local scale spatial or temporal hetero-
geneities are smoothed out. Apparent inconsistencies in the
oxidative balance can result as an artifact of data averaging.
A reasonably accurate gas phase reactivity is pre-requisiteor example, the average night-time concentrations of NO
for modeling SOA. Figure 3 compares our Eulerian modeland G cannot be collocated, and only appear as non-zero by
results for inorganic gases to the monthly means of hourlyaveraging locations where one or the other reagent is titrated
measurements of CO, 30 NO, and NQ taken at each away. Despite such difficulties in comparisons, the overall
of 17 to 22 sites throughout Mexico City (Sistema de oxidation capacity and radical balance of the model atmo-
Monitoreo Atmosérico, SIMAT, http://www.sma.df.gob.mx/  sphere are in reasonable agreement with measured ranges.

3 Results

3.1 Photochemical environment
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Fig. 4. Comparison between modeled and observed OH reactivityFig. 5. Diurnal mean concentrations of alkanes in combined gas and

of the emitted NMHCs within Mexico City, averaged over daytime aerosol phases. Simulated values are for Mexico City (MC) center.

hours (09:00 to 18:00) and expressed relative to butane. Observations are diurnal means at 4 urban Los Angeles (LA) sites
(Fraser et al., 1997). UCM is an observed “unresolved complex
mixture” of branched and cyclic alkanes.

In common with other models (e.g. Dusanter et al.,

2009b), we underestimate the rapid morning rise in OH and;c i Los Angeles. Together, Figs. 3-5 confirm that our
HO, that results from photolysis of HONO whose origin is 1) 1o el is a reasonable representation of the gas phase ur-

a subject of current research (Li et al.,'2010). However, the, photochemical environment in which the Neatalyzed
peak values of both OH and HGare simulated well (see  iqation of hydrocarbons can lead to SOA evolution.
Fig. 3). We simulate a large RGpike at sundown concur-

rent with an evening increase in NQnot shown), duetothe 32  Organic aerosol mass within the city

reaction of N@ with alkenes and with dioxa-bicyclic oxida-

tion products of aromatic species (Bloss et al., 2005a). Day-The diurnal variations of aerosol mass within Mexico City re-
time OH reactivites (i.e. concentration weighted by rate offlect the combined effects of emissions, photochemistry, tem-
reaction with OH) for the observed NMHCs are presented inperature, and dilution. Aerosol mass loadings from the Eule-
Fig. 4. Agreement between our Eulerian simulation resultsrian simulation are shown in Fig. 6. Modeled POA (Fig. 6a)
and observations is generally within a factor of two, with the increases during the early morning, as emitted POA accumu-
exception of 2-pentene, whose emissions were underreprdates in the shallow night-time boundary layer. Emissions in-
sented by a factor of 4. The net OH reactivity from NMHCs crease sharply after 05:00, producing a peak in POA concen-
was 97 % of that observed at TO. tration by about 08:00. Simultaneously, mixed-layer depth

Our simulated ;—Cys n-alkanes, used here as surrogatesand photochemistry also begin to increase, reducing the con-
for all primary S/IVOCs withC* <3gnT3, have a net di- centration of POA by mid-morning despite continuing emis-
urnal mean mass concentration of 18.7 pgfrsummed over ~ Sions. The SOA mass concentration (Fig. 6b), which remains
both gas and aerosol phases (Fig. 5). We are aware of onlglatively constant overnight, increases rapidly with the onset
one measurement study of these compounds, that of Fraser &t Photochemistry, peaking around noon in our simulations.
al. (1997) in Los Angeles in 1993. The 24-h mean mixing ra- Dilution by ventilation leads to a decline of both POA and
tio of decane observed in that study is, coincidentally, exactlySOA mass during the late afternoon and evening. The details
equal to that measured during MILAGRO at T0, 445 pptv Of the night-time and early morning profiles, especially with
(Apel et al., 2010). Fraser et al. (1997) measured 1¢;@-  'espect to the timing and magnitude of the early morning
alkanes totaling 3.1 ugn? (Fig. 5), and 13 specific branched POA peak, are highly sensitive to assumptions about bound-
and/or cyclic Gg_»g alkanes totaling 0.24pugmd. They  ary layer height variation. Our daytime results show gener-
also observed an unresolved complex mixture (UCM) ofally good agreement with measurements of hydrocarbon-like
branched and cyclic alkanes, whose abundance outweighefganic aerosol and oxygenated organic aerosol (HOA and
that of then-alkanes by over an order of magnitude. Fig- OOA respectively, interpreted as observational surrogates for
ure 5 shows our simulated concentrations and distributiond©A and SOA) at the MILAGRO urban sampling site TO
by carbon number of the largeralkanes in Mexico City to ~ (Aiken et al., 2009) (Fig. 6).
be comparable to those of the observed sum-alkanes and
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Fig. 6. The diurnal cycle of organic aerosol mass in Mexico City during March 20@60bserved HOA and modeled PO#) observed
OOA and modeled SOA plus 2 pg‘rﬁ background aerosol (BGOA). Observations are from 8-30 March 2006 (Aiken et al., 2009).

Figure 6 shows that simulated POA coincides with the 1000
mean of the HOA measurements during the afternoon, at 1 ta
2 ug 3. Noontime simulated SOA mass is 12 pg¥r(or
14 ugnr 2 if the specified background aerosol is also con-
sidered), comparable to the mean observed OOA mass o _ 70%
~13 ug nT 2 between 11:00 and 15:00 (Aiken et al., 2009).
Our results show some similarity to those of Hodzic et
al. (2010a) (after the parameterization of Robinson et al.,
2007), who used the same quantity of emitted S/IVOC; how-
ever, our explicit chemical mechanism shows about 50% 3%
more SOA in the afternoon. The difference is due to dif-  20%
ferences between the two modeled SOA vapor pressure dis o,
tributions: the current model calculates vapor pressures for o5 ‘
each individual aerosol constituent rather than parameteriz- 0:00 6:00 12:00 18:00 0:00
ing a bulk distribution across a discrete number of bins. It
was also noted by Dzepina et al. (2011) that the Robinson

et al. (2007) parameterization allows too much evaporatlor]:ig_ 7. Composition of simulated organic aerosol within Mexico

when the aerosol is warmed, as is the case in the afternoomsir,  SoA (colors) and POA (grey region) are sorted by carbon
OA mass development during our Lagrangian simulation,number of the individual aerosol constituents.

representing conditions in the outflow from the city, will be

90%

80%

60%

50%

mass fraction

40%

local time (h)

presented in Sect. 3.4. to photochemical production. Similar diurnal variation in the
HOA/OOA balance is observed in Mexico City (Aiken et al.,
3.3 OA composition and its evolution 2009) and elsewhere (e.g. Pittsburgh) (Zhang et al., 2005).

The SOA composition is highly diverse with somewhat equal
Since our modeled aerosol forms from explicit gas-phase recontributions from a range of different carbon numbers, de-
action products, we can examine the details of the predictedpite the general decline in gas-phase abundanceatfane
aerosol composition. Figure 7 shows results from the Euleprecursors with increasing carbon number. This is because
rian run, illustrating the changing balance within the aerosolthe volatility of the precursors and their oxidized products
between POA (grey areas) and SOA (colored areas) in termalso drops with increasing chain length, consistent with the
of carbon number of the aerosol constituent. POA dominateghamber results of Lim and Ziemann, 2005). For example,
the aerosol during the cooler, dark hours of night and earlythe C* values for then-alkane precursors decrease by a fac-
morning, due to condensation of emitted primary speciestor of 3 to 6 for every additional carbon. Figure 7 shows the
while SOA dominates during the day and evening in responseesulting POA to be almost exclusively composed of larger
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Fig. 8. Gas-particle partitioning by carbon number and number of functional groups. Panels represent the situation(aj) 600, and
(b) 2 days andc) 5 days downwind. Solid colors (lower portion of plots) are particle phase; semi-transparent colors (upper portion of plots)
are gas phase. Colors represent number of functional groups per molecule.

SVOC represented by-alkanes with carbon numbers 18 to indicated by colors other than grey, reduces volatility and al-
25, with negligible contribution from IVOC (carbon numbers lows C.»g species to partition to the particle phase. NMHCs
12 t0 16). with Cs16 (SVOCs and the least-volatile IVOC class) re-
Differences in gas-aerosol partitioning between species ofjuire only one or two substituent groups (i.e. one genera-
different carbon number are further explored in Fig. 8, for thetion of oxidation, see following discussion) for rapid con-
Lagrangian outflow simulation. Figure 8a represents the sitdensation, similar to chamber observations (Presto et al.,
uation at 15:00 within the city, while Fig. 8b and ¢ shows re- 2009). Incidentally, the lack of significant amounts of higher-
sults also at 15:00, but two and five days downwind from thegeneration products for the species with the longest carbon
emission sources, respectively. For reference, at the mean irghains supports our computational strategy of limiting mech-
city surface wind speed for March 2006 (3.4ms twoand  anism growth to 3 or 5 generations for these species. Smaller
five days correspond roughly to distances of 300 and 800 kmspecies show significant proportions of oxidation products
Primary NMHCs (shown in grey) are found almost exclu- persisting in the gas phase in equilibrium with a more highly-
sively in the gas phase (pale colors) for species wittB  substituted particle phase.
carbons, and almost exclusively in the particle phase (bold As the Lagrangian model run progresses (Fig. 8b and c)
colors) for G.2o. Primary species £ 2- (volatility classes  aging increases the degree of oxidation of the VOC mixture,
SVOC3 -5 in Table 3) show varying degrees of partitioning. favoring increasing partitioning of species with fewer car-
Oxidation, shown by the presence of substituent groups antbons into the particle phase. The mean molecular weight of
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—other species (sometimes) alkoxy (Reaction R2a) radical stages to yield
==IPANs mono-functional stable products (Reactions R2b, R3a, R3b,
== other hydroperoxides R4). Alternatively, for alkoxy radicals with at least 4 car-

e hydroperoxy-nirates bons and little steric hindrance, an isomerization is possible
(Reaction R5). This involves the formation of a 6-membered
ring intermediate, leading to transfer of a hydrogen atom to

N
B

=
@

N
a

= Other nitrates

N
~

—— hydroxy-nitrates

=== hydroxy-keto-nitrates

aerosol mass, pg m=

] i hydlroxy Ketones the alkoxy radical group from a carbon in thgosition (that

°1 10 + aOCiCA is, four carbons away from the O. radical). The resulting

®] POA 3-hydroxy alkyl radical converts rapidly to&hydroxy per-

0= SRR IR ==8GOA oxy radical _(Reaction R6), foIIowed_ by formation of a niT
time (h) seoeCO trate (Reaction R7b), ketone (Reactions R7a, 8), or peroxide

(Reaction R9) group to yield a di-substituted first-generation
Fig. 9. Evolution of aerosol speciation with time. The arrow reaction product. Lim and Ziemann (2009) observed di-
shows the time at which Lagrangian conditions begin. The cate-substituted hydroxycarbonyls to undergo heterogeneous re-
gory “aromatics + associated products” includes both substitutedactions, leading to products with greater volatility. However
aromatics and non-linear products of aromatic oxidation. The scalehese reactions mainly occur under dry conditions and are not
for gas phase CO (dotted line) is chosen such that the backgroungdonsidered in our gas-phase model.
value (125 ppbv) coincides on the plot with the level of background At dusk on the first day of simulation, there is a sudden

3
aerosol (2ugm®). increase in aerosol mass. The R@dicals produced in the

) ) early evening via gas phase N©hemistry quickly react to
particle phase species decreases as a result (not shown). Qsrm |ess-volatile products, some of which condense. By far
lution also contributes to the evolution of the chemical com- o strongest contribution to the mass increase comes from
position by liberating small amounts of semi-volgtile_primary aromatic species, mainly dinitro-phenols and hydro-peroxy-
n-alkanes into the gas phase, as seen f@@C3in Fig. 8. pitro-arenes (Bloss et al., 2005b). As the Lagrangian plume
Their oxidation products repartition to the particle phase, in-5ges its chemical diversity further increases. During the sec-
creasing the degree of substitution in the higher molecularq day of simulation peroxy radical reactions shift from
weight portion. Both factors combine to reduce the relativebeing dominated by NO to HE producing an increase in

importance of primary species with time, consistent with ob-ye hydro-peroxide fraction of the predicted aerosol compo-
servations (e.g. Zhgng etal, 2007; Jimenez et al., 2009).  sition. Peroxy-acyl-nitrates (PANSs) also increase in relative
After 5 dayS of dilution, our simulated SOA mass concen- importance with time, because of the gas phase fragmenta_

tration is only a fraction (0.15) of our assumed backgroundtjon of long-chain hydrocarbons and subsequent oxidation of
aerosol, and cannot be considered to represent a discrefe fragment aldehydes:

plume. In the real world, urban outflow products become
progressively mixed with background aerosol componentdR — CH(O) + OH(+-02) - H20+R—-C(0)(00,)  (R10)

whose compositions reflect a variety of sources and ages (e.g, B
DeCarlo et al., 2010). Our simulated aerosol developmen?2 CO©0)+NOz > R—C(O)(OON,) (R11)

may be viewed as representing Continuing oxidation of the The evolution of the chemical Composition may be sum-
dispersed urban outflow portion of the regional backgroundmarized by correlating ratios of major elemental constituents
aerosol. The remaining gas phase hydrocarbon mixture conpn a Van Krevelen diagram. Heald et al. (2010) used such
tains very little C 10 and is predominantly multi-substituted 5 diagram to summarize observations from a wide range of
for C=s, and thus any new particle mass would necessarilyiocations, and found that ratios of oxygen to carbon (O/C)
consist of highly-substituted low carbon-number species ingnd hydrogen to carbon (H/C) cluster close to an empirical
this chemical scheme. line with slope—1 and origin H/C=2. The development
The chemical composition of the modeled aerosol in theof elemental ratios in the total organic aerospl@A, the
outflow plume is shown in Fig. 9. Initially, the SOA is dom- sum of POA, SOA, and BGOA, background organic aerosol)
inated by hydroxy-ketones, hydroxy-nitrates, higher-carbonin our Lagrangian simulation is similar to the range of ob-
species with one nitrate group, and products of the oxidatiorservations (Fig. 10). The y-intercept of the line is defined
of aromatic compounds. The di-substituted species generalljyy POA, composed in the model of,£ »5 n-alkanes and
show -spacing of their substituent groups, arising from 1, yielding H/C~2.1. O/C rises and H/C drops with increasing
5 hydrogen migration (isomerization) in alkoxy radicals (Or- aerosol age, leading to an anti-correlation between O/C and
lando et al., 2003) during the first generation of oxidation. H/C. During the first 3 days of outflow, while model2dOA
composition is dominated by POA and SOA rather than by
A generic hydrogen migration reaction scheme is out-BGOA, its slope on the Van Krevelen diagram is close to
lined in Table 4. OHe-initiated hydrocarbon oxidation —1. Modeled SOA (not plotted explicitly) shows a slope of
progresses in the usual way via peroxy (Reaction R1) and-1 on the first day, meaning that oxygen replaces hydrogen
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Table 4. Example hydrogen migration reaction sequence, including names of organic products.

R-(CH2)4-R/ + OH (+Oy)
R-CH(0O0.)-(CH)3-R' + NO

R-CH(O.)-(CH)3-R' + Oz

R-CH(0O0.)-(CH)3-R’ + HO,
R-CH(O.)-(CHp)3-R’
R-CH(OH)-(CHy)2-CH(.)-R + O,
R-CH(OH)-(CHp)2-CH(00.)-R + NO

R-CH(OH)-(CH)2-CH(O.)-R + O,
R-CH(OH)-(CHp)2-CH(00.)-R + HO,

R N N R

H,0 + R-CH(00.)-(CH)3-R

NO, + R-CH(0.)-(CH)3-R’
R-CH(ONGy)-(CHp)3-R’

HO, + R-C(0)-(CHy)3-R

R-CH(O) + CH(00.)-(CH,)»-R’

0, + R-CH(OOH)-(CH)3-R’
R-CH(OH)-(CH)2-CH(.)-R
R-CH(OH)-(CH,)2-CH(00.)-R

NO, + R-CH(OH)-(CH,)»-CH(O.)-R
R-CH(OH)-(CH)2-CH(ONO,)-R’
HO, + R-C(0)-(CH)2-CH(OH)-R
0, + R-CH(OH)-(CH)2-CH(OOH)-R

peroxy radical (R1)
alkoxy radical (R2a)
mono-functional nitrate (R2b)
mono-functional ketone (R3a)
aldehyde + peroxy radical  (R3b)
mono-functional peroxide  (R4)
3—hydroxy alkyl radical (R5)
8—hydroxy peroxy radical (R6)
8—hydroxy alkoxy radical (R7a)
3—hydroxy nitrate (R7b)
§—hydroxy ketone (R8)
8—hydroxy peroxide (R9)

on an atom-for-atom basis during early oxidation. Itis inter- 2.
esting to note that the 1,5 isomerization reaction described L
in Table 4 leads to a net loss of two hydrogen atoms and a 2|
gain of two oxygen atoms, consistent with this slope. The
6-day mean SOA gradient is0.6, or 5 oxygen atoms per 18
3 hydrogen atoms)_OA composition is influenced by the o
assumed composition of BGOA, and increasingly so as dilu- * 16 |
tion and mixing progress. Adopting mean surface regional
BGOA values of O/G=0.68 and H/G=1.25 (Jimenez et al., 14
2009) progressively steepens the plotted slope (colored lines
in Fig. 10). Assuming background O/C and H/C ratios-df 12 " " s PRI
and~1.1, similar to aircraft observations during MILAGRO

(Heald et al., 2010; after Aiken et al., 2008), produces a shal- - * W | I |

0.5
|

@ OA, POA dominant

@ OA, SOA dominant
OA, BGOA dominant
OA with aircraft BGOA

----- OA, POA dominant,
nitrate counted as 1xO

~~~~~ OA, SOA dominant,
nitrate counted as 1xO
OA, BGOA dominant,
nitrate counted as 1xO

® model POA

BGOA (Jimenez, 2009)

¢ data (Aiken 2008)

@ POA
- SOA
BGOA

lower slope (grey line in Fig. 10) especially during the later
portion of the simulation.

The agreement between our modeled elemental ratios ant
observations within Mexico City during MILAGRO (points
in Fig. 10) (Aiken et al., 2008) is also good, within the range Fig. 10. van Krevelen diagram showing the evolution of elemen-
of scatter expected in such plots (see Heald et al., 2010}al ratios in modeled)_OA during both Eulerian (before 15:00
However, our nitrogen-to-carbon ratios (not shown) fall be-on day 1) and Lagrangian phases of the simulation. BGOA com-
tween 0.075 and 0.09, significantly exceeding observationgosition is defined as the mean of regional surface observations
(e.g. <0.01 in the Mexico City area; Aiken et al., 2008), (Jimenez et aI.,2_009),exceptfor_the grey line which defines BGQA
likely as a symptom of the systematic under-representation irfs the mean of airborne observations (Heald et al., 2010; after Aiken

aerosol mass-spectrometer (AMS) observations of organor! & 2008). The dotted line shows OA evolution if ratios count
b ( ) 9 nly one O atom per ON®group. Midnight values for each of

itrates (Bruns et al., 2010; Farmer et al., 2010). The dotte . . L : :

line in Fig. 10 sh h del O/C rati lculated K he 6 days of simulation are indicated by numbered diagonal ticks.
m,e |.n 'g. 10 shows t e.rr!o € ratio recalculated to takegpgeryations are hourly means of measurements at TO (Aiken et
this into account by omitting two oxygens from each mod- 51 2008). The-1 slope is included for illustrative purposes. The

eled nitrate group. The recalculation further improves thejower panel shows the development of fractional mass contributions
agreement between model and observations. of the different OA types tQ_OA.

One significant point of disagreement between the model
and measurements concerns the timescale of evolution of the
elemental ratios, that is, the rate at which the aerosol move8.4 OA production in urban outflow
down and to the right on the Van Krevelen plot. Results from
the Eulerian phase (the first day) of simulation show smaller!n the Lagrangian simulation, the air parcel detaches from the
O/C and larger H/C than measured within Mexico City. Our surface at 15:00 on the first day, whereupon emissions cease
3 OA ratios encompass the measured range only after one tgnd a constant dilution rate is established. The rate of change
two additional days of Lagrangian simulation. Thus, the ox- of SOA concentration may be expressed in terms of the local
idative development of our simulated aerosol is significantlyinstantaneous rate of SOA net production via condensation
slower than suggested by the observations. and evaporatiory, and the loss to dilution:

OA fraction

Day of simulation
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40

d[SOA]

= p(t) — kdil[SOAI 3) @ 301
dt 7 e
Figure 11la shows the development of [SOA] gndor 5 ?’L 20 |
3.5 days of the Lagrangian simulation. Despite ongoing dilu- g ©
tion, [SOA] continues to grow to a maximum of 11.1 pg o ; 10 |

at 19:00 on the first evening (see Fig. 11b), owing to contin-
uing chemical production both before and just after nightfall.
Thereafter [SOA] decreases as the plume expands downwind
of the city, butp remains positive in the outflow for most

of the simulation (i.e. aerosol growth outweighs evaporative
loss).

While p represents local SOA production, the SOA gener- 35 1
ated in urban outflow occupies an increasingly wide region as
the plume disperses. The aggregated regional influence may:
be assessed by adjustipdor dilution, in effect considering
the growth of particles along all trajectories dispersing from
one initial air parcel. The relationship between initial air par-
cel volumeVy and the virtual volumé/; into which the SOA
from that air parcel may be considered to have dispersed at

-10

40 70

30 A

3

25 A

20 A

[SOA, ng
Mand Q, ug my>

timer is expressed as: 5 |
V, ] Vo = e'kdi (4) °
We defineM, as the SOA mass at timein a dispersed air
parcel with original volumé/y of 1 m?: @
S
M, = V,[SOA], = ¢'*l [SOA] (5) 9
A time-dependent mass production rd# may then be ﬁ
found, with units of mass per day per original cubic metre, E
ugd*my>: g
£
M (d[SOA] @
M'(t) = — ="l [ ——— 4 dg[SOA 6 w
() ar e ar +dil[ \ (6)
The strongest mass production raté,> 40 g d* my 3, °2 2 % 4 e 712 84 9
are seen during the first afternoon, as strong photochemical Time (h)
production occurs due to the oxidation of freshly emitted pre- '
carbon mmmmm oxygen nitrogen mmmmm hydrogen e e e ¢O:C

cursors (Fig. 11a). This production rapidly slows towards
sunset. At dusk, N@mediated chemistry produces another
strong spike in SOA production, with mass production ratesFig- 11. Aerosol production during the Lagrangian ru@) SOA
of ~30 g g1l ma3 from this process alone. Photochemical p_roduction rates(b) SOA concer_lt_ration e}nd ma_lss in the dispersing
aerosol production continues to dominate over evaporatior?'rparcel'(c) Elenjentgl composition o.f dispersing aerosol mess
during the first two days of outflow, while cooler tempera- Grey shaded regions indicate approximate hours of darkness.
tures at night lead to additional aerosol formation via conden-
sation. Net losses occur only around dawn as air temperature
begins to rise, causing re-evaporation. The model maintaingvaporation dominate®f’, and as the gas-phase burden of
the same diurnal temperature cycle throughout the simulapotential aerosol precursors declines. Diurnally-averaged
tion, for simplicity. If instead the air parcel were cooled to production remains positive however, since night-time con-
represent lofting into the free troposphere, condensation andensation remains strong, so thét continues to increase
therefore SOA mass would both increase relative to the calon the fourth outflow night and beyond. An elemental anal-
culations presented here. ysis (Fig. 11c) shows that carbon is added to the aerosol
The dispersed particulate maas reaches 31 uggr'f on continuously between hours 15 and 48, indicating ongoing
the third morning of outflow (around 78 h, Fig. 11b). After formation of new SOA. Later in the simulation, carbon ad-
this point, daytime aerosol loss occurs when dilution-induceddition slows, continuing at night but being partially offset
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by evaporation during the day. Aerosol oxygen increases aldevelop more slowly. Our model aerosol chemical evolution
most continuously throughout the run, likely due to a com-timescale is roughly twice that suggested by observations.
bination of gas-phase processing of evaporating aerosol cor@ther potentially important processes will be discussed later.
stituents which then recondense, and first-time condensation Recent observational studies indicate that SOA forms
of smaller gas-phase species with larger oxygen to carbomapidly from urban emissions, with significant mass increase
ratios. Thus the O/C ratio of the model-generated aerosobccurring within a few hours (Volkamer et al., 2006; De-
(excluding the background component) generally increase€arlo et al., 2008). Opinions are divided on whether new OA
throughout, reaching0.55 after three days of outflow. mass continues to be formed at longer timescales. Dunlea et
Figure 11 also present@, which is an approximation of al. (2009) concluded that SOA forms during the first day in
the dispersed SOA magd4, calculated using the observable free-troposphere Asian outflow, and then evolves chemically
quantity ACO (see Appendix).ACO is defined as the lo- for at least a week without significant new mass formation.
cal enhancement of [CO] above its background value, andMorgan et al. (2010) see little change in OA mass concentra-
is used as a tracer of the dispersal of urban emissions. Theons far downwind in continental European outflow, which
slight differences betwee andQ (Fig. 11) result fromthe  suggests either that continued formation outweighs the ef-
finite chemical lifetime of CO. The Appendix to this paper fects of dilution with background air, or possibly that re-
discusse®) and [SOA]J/ACO in more detail, demonstrating gional background OA concentrations are already compara-
that the use oACO as a tracer is a reasonable approxima-tively high owing to the multiple sources in this region. In the
tion. Mexico City case, Kleinman et al. (2008) propose new OA
formation in urban outflow air for up to 1 day, based on in-
creasing OAACO. DeCarlo et al. (2008), however, suggest
4 Discussion a loss of OA carbon outside the city, based on a flat or de-
clining regional relationship between QACO and distance
Use of an explicit gas-phase mechanism in a simple boXrom Mexico City. This conclusion is dependent on whether
model allows us to investigate details of organic aerosolit is possible, in observations that do not specifically target
formation and composition that are not available by otheran outflow plume, to separate recently-formed SOA from the
means. In this section we discuss our findings for this ur-regional background aerosol with which it is being progres-
ban case study, in the context of current understanding oively mixed, and which likely contains outflow-origin SOA
aerosol development in urban outflow. We distinguish be-with a mixture of ages (Emmons et al., 2010).
tween robust results, which we have found to be intrinsic fea- We recognize that observation of continuing growth of
tures of results from this model, and suggestions arising fronBOA in urban outflow becomes extremely challenging as
our results, which are interesting but are more initialisation-it disperses and mixes with the aged regional background

dependent. aerosol. Nevertheless, and consistent with the reasoning
_ _ of Kroll and Seinfeld (2008) and with the model results of
4.1 Aerosol growth continues in outflow Hodzic et al. (2010a) and Dzepina et al. (2011), our model

results strongly suggest that, as long as gas-phase precursors
Our first robust result is that photochemical production gre available, new production of OA is most likely still oc-
and condensation of SOA species outweigh dilution-induceccuyrring on the regional scale in addition to the expected con-
evaporation from particles in the outflow plume for several tinuing oxidative aging. We suggest that the contribution of

days downwind of the source, leading to net positive SOAthijs continuing production to regional aerosol burdens may
production rates for most of the simulation period. Although pe significant.

OA concentrations decrease with time in the outflow plume,
we predict continuing net production that increases plume-4.2 The aerosol is chemically diverse
integrated OA mass for at least 3 days downwind. OA mass
grows by a factor of>3 on that timescale in the present The second robust result is that simulated OA contains a mul-
study. Numerically similar results were obtained by Dzepinatitude of condensed species and is highly diverse in terms of
et al. (2011) in a box model sensitivity study using the VBS molecular size and functionality. No single chemical species
approach. The impacts of SOA on the integrated regionadominates either the primary or secondary OA fraction. We
scale, which is the scale relevant for climate, are thus likelyrestricted the size of our available pool of aerosol precursors
to be much greater than concentrations in the source regioby usingr-alkanes as surrogates for all emitted organic pre-
imply. cursor molecules of similar volatility, by lumping together
One point of uncertainty relevant to our prediction of con- chemically similar isomers, and by omitting biogenic com-
tinuing aerosol growth is the difference in aging timescalespounds. Without these simplifications, the simulated aerosol
between our model results and field observations. Both ouwould contain an even greater number of individual chemi-
model-derived aerosol elemental ratios and [S@QAO val- cal species. The 100 most abundant OA species contribute
ues (see Appendix) compare well with observed values bubnly about 40 % to 50 % of the calculated OA mass during
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the second day of simulation. To reach 70% of the masgyield increasing at low N@Q indicating that organic hy-
requires over 1000 species. This level of complexity is re-droperoxides contribute to SOA formation. More specifi-
alistic: one urban study using highly specific measurementally, Rickard et al. (2010) observed evidence in lowNO
techniques identified over 300 named organic aerosol conexperiments of high molecular weight hydroperoxide prod-
stituents including branched andalkanes and some of their ucts, whose low vapor pressures suggest they would con-
reaction products (Williams et al., 2010), and another studytribute to SOA growth. Our results are consistent with these
found evidence of more than 10000 separate species in oexperimental data, and suggest that OA formation should
ganic aerosol (Hamilton et al., 2004). continue even in relatively unpolluted air.

Furthermore, and also as a robust result, the chemical di- |t is noteworthy that our simulations produce only small
versity of the simulated particle phase increases with timeamounts of carboxylic acids in the gas phase (mostly from
During the first afternoon, the particle phase in the urbanthe ozonolysis of unsaturated hydrocarbons) while observa-
source region contains rapidly-condensed species with a rekions show that many organic acids are commonly abundant
atively even distribution of carbon numbers, whether as purén particles. We previously showed that another more lim-
long-chainn-alkanes, or as low volatility, high carbon num- jted explicit gas phase mechanism could not generate the
ber first-generation reaction products. This early-origin par-observed organic acid concentrations, and suggested that in-
ticulate material ages over several days in the outflow plumeyarticle oxidation is at play (Aumont et al., 2000). The more
as it slowly evaporates, oxidizes, and re-condenses. The sulexplicit chemical mechanism used here reaffirms the earlier

stantial quantity of gas-phase organic material in the plumeresults, at least for the Mexico City mix that is heavily influ-
is also subject to continuing oxidation chemistry, and eitherenced by alkanes and aromatics.

fragments, yielding smaller products and CO or Car be-
comes progressively more functionalized and less volatile
Even precursors with relatively few carbons (down tg) C
can lead to condensable multi-generation oxidation products o ] )

over a timescale of several days (e.g. Kroll et al., 2011). The! "€ GECKO-A model of explicit gas-phase chemistry is ca-
particle phase thus progressively acquires a large numbep@Ple of generating quantities of SOA comparable to those
of newly formed low-carbon, high-oxidation constituents, ©0served in Mexico City (Aiken et al., 2009). Other recent
which contribute to particle mass formation and chemicalModel studies (Dzepina et al., 2009; Tsimpidi et al., 2010;

4.4 Simulated SOA mass

complexity. Hodzic et al., 2010a) have produced realistic quantities of
SOA by first increasing the mass of the particulate emissions
4.3 Specific chemical identity of aerosol constituents inventory to account for assumed gas phase equilibrium co-

emissions, and then applying parameterized volatility reduc-

The simulated particle phase contains significant contributions to represent the effects of gas-phase chemistry. Our
tions from organic nitrates~50 % by mass), and frors- results build on the successes of those studies by using sim-
difunctional species formed in the first generation of oxida- ilar estimates of semi- and intermediate volatility precursor
tion (~30% by mass). Similar products have been identi-emissions, but specifying their identity asalkanes and ap-
fied in the laboratory under high NGonditions (Lim and  Plying detailed and realistic gas phase chemistry. This pro-
Ziemann, 2005; Presto et al., 2010), and also in pollutegduces close agreement with observations almost throughout
urban conditions. Russell et al. (2011) observed negligiblethe diurnal cycle (Fig. 6). The estimated SVOC and IVOC
organonitrates in a wide range of aerosol samples includPrecursors and their reaction products contribute about 70 %
ing from Mexico City, and attributed their absence to in- of the resulting modeled SOA, with the remaining 30 % orig-
aerosol hydrolysis in humid conditions. However, organon-inating mostly from single-ring aromatic precursors.
itrates observed in urban Southern California during less- The SOA mass agreement we find is, however, more for-
humid periods could contribute up to 24 % of OA mass (Day tuitous than realistic. Since our model explicit chemistry is
et al.,, 2010; D. Day, personal communication, 2011), andrestricted to the gas phase, we necessarily omit several com-
Oezel et al. (2010) identified several secondary organic nitrlex but potentially important classes of reactions. Processes
compounds in OA in Birmingham, UK. Our results suggest that would likely increase SOA mass formation include aque-
that, at least under relatively dry conditions, organonitratesous or multiphase chemistry (e.g. Blando and Turpin, 2000;
formed in the gas phase are likely to contribute significantly Aumont et al., 2000; Clegg et al., 2001; Gelegrcand Varga,
to SOA mass. 2005; Ervens and Volkamer, 2010), heterogeneous reactions

The chemical identity of the simulated SOA shifts in re- (George and Abbatt, 2010), and accretion reactions (Barsanti
sponse to the ambient chemical environment. As the outand Pankow, 2004; Pun and Seigneur, 2007). Processes
flow simulation progresses and urban-origin plumeyNMi®-  which potentially decrease SOA mass include particle-phase
creases, contributions from hydro-peroxides and PANs infragmentation (Kroll et al., 2009), and particle-phase iso-
crease in relative importance. Several chamber studies (e.gnerization and dehydration reactions (Lim and Ziemann,
Ng et al., 2007, and references therein) have shown aeros@005; Lim and Ziemann, 2009), although in the latter case,
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subsequent gas phase chemistry could yield smaller SOAotential for dry deposition. Washout during rain events is,
molecules. of course, a major sink for atmospheric aerosols but is not
We also omit emissions and chemistry of some potentialincluded in the dry-conditions simulation presented here.
SOA precursors. Naphthalene and other polycyclic aromatic
hydrocarbons (PAHSs) have been suggested as significant pre-
cursors to SOA (e.g. Chan et al., 2009; Shakya and Griffin5 Conclusions
2010). Gaseous naphthalene contribut@gl % of the total
gas-plus-particle PAH mass in Mexico City (Mugica et al., The model reproduces well the observed diurnal variation of
2010) and reported concentrations in the city center vary beorganic particle mass concentrations in Mexico City, with
tween a mean of 0.05 ugm (Guzman-Torres et al., 2009) POA peaking in the early morning at 15-20 pg and
and spikes of up to 1 ppbv (equal to4 pg nm3) (Jobson et SOA peaking at 10-15 pgmi during mid-day (Fig. 6). The
al., 2010). For comparison, single-ring aromatic precursorsexcellent agreement in peak concentrations may be some-
account for up to 7.4 ug # of our simulated SOA{30%  what fortuitous as discussed, but the agreement on tempo-
of SOA mass), significantly outweighing the potential PAH ral shapes is strong evidence of photochemistry both con-
contribution. Elemental ratio analysis also argues against &uming POA and generating SOA. In the model, the SOA is
dominant PAH contribution to SOA. Addition of naphthalene generated mainly from the estimated semi-volatile surrogate
(with H/C = 0.8) to the POA+SOA mixture in Fig. 10 flattens species (alkanes), and to a lesser extent from the lighter aro-
the gradient and lowers the intercept of th#A elemental ~ matics. Resulting OA H/C ratios are 1.5-2.0, in fairly good
ratio relationship. The naphthalene measurements and elé&greement with observations (Fig. 10). We note that other
mental ratio considerations both suggest that PAHs cannoproposed precursors such as naphthalene (Chan et al., 2009)
make more than about a 10 % contribution to SOA. or glyoxal (Ervens and Volkamer, 2010) would yield much
Biogenic precursors were omitted for simplicity in this lower H/C values. If alkanes, whether linear or branched,
urban case study; however, a recent study of the relativeire indeed major SOA precursors, our model predicts that
abundances of fossil and modern carbon in OA in Mexicos-hydroxy ketones and nitrates should be persistent chem-
City suggests significant contributions from regional bio- ical constituents of the particle phase. The O/C ratios are
genic, biomass burning, and non-fossil sources (Hodzic etlso in reasonable agreement with observations, although in
al., 2010b), all of which would lead to higher OA loadings our model the higher O/C ratios are achieved only after sev-
than simulated here. eral days of photochemical processing in the outflow plume,
Another factor affecting simulated SOA mass is the choicewhile observations suggest that such high O/C ratios may al-
of boiling point and vapor pressure estimation methods. Thgeady arise in the city. The N/C ratios predicted by the model
boiling point (I,) scheme of Joback and Reid (1987) leads are much higher than observed, but it is unclear if this is due
to the highest simulated OA masses among the three metho nitrate elimination from particles, or instrumental difficul-
ods reviewed by Barley and McFiggans (2010). The vaporties in observing the N/C ratio (Farmer et al., 2010; Bruns et
pressure equation of Myrdal and Yalkowsky (1997), whenal., 2010).
combined with thely, scheme of Joback and Reid (1987) as From a global or regional perspective, perhaps the most
in the current study, systematically overestimates chambeintriguing modeling result is that the plume-integrated mass
results for SOA production from-pinene, by factors of two  of the particles continues to grow for several days down-
or more (Valorso et al., 2011). These biases likely lead thewind of the urban source region. In the absence of chemi-
model to be too efficient at producing SOA, compensatingcal processing, dilution of the urban plume by cleaner back-
for the shortfall in modeled SOA mass that might be expectedground air would lead to evaporation of the particles (or at
from the omissions in reactions and precursors noted abovenost to constant particle mass if vapor pressures approach
A good agreement despite ignoring several precursors andero), because particle/gas partitioning is proportional to the
suspected or known SOA formation pathways suggests thaiass concentration of particles (Pankow, 1994b; Odum et al.,
either GECKO-A is too efficient at producing SOA, that the 1996). Quite contrarily, our model predicts continuing parti-
emissions of the unmeasured S/IVOCs were overestimatedle growth even after dilution (Fig. 11). The growth occurs
or that both sources and sinks were underestimated. because of continuing gas phase reactions of the hydrocarbon
Dry deposition can potentially reduce regional SOA load- precursors and their partly oxidized intermediates, yielding
ings. We have performed a sensitivity calculation with a 3-D molecules of progressively lower vapor pressures. This may
regional model (CHIMERE, as in Hodzic et al., 2010, which be characteristic ofi-alkane chemistry as currently imple-
parameterized dry deposition at velocities similar to HNO mented in the GECKO-A model, based on structure-activity
to get an upper estimate of its effect. The results (not pretelations generalized from laboratory studies on smaller alka-
sented in detail here) show maximum reductions in anthro-nes (Aumont et al., 2005). A more rapid evolution could be
pogenic SOA within Mexico City on the order of 5 to 25% achieved by changing key structure-activity relations, e.g. by
when compared to a non-deposition simulation. In the out-changing the rate of alkoxy radical fragmentation relative to
flow simulation case, air parcel lofting further reduces theisomerization, but at present there are no laboratory data to
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justify such changes to the model. Additional growth would ¢, neither of which is easily observed:
be expected if the air parcel experiences colder temperatureg; A co

such as during lofting of boundary layer air, but as this is
not considered in our model, the growth in Fig. 11 is due
to chemical production of lower vapor pressure compounds,ACQp ;.
rather than cooling. Aircraft-based measurements do notACO, ~e

support ongoing growth of thaOA/ACO ratio (DeCarlo et Note that in this casek represents the mean dilution rate
al., 2008), but the measurement of this ratio becomes PrO4uring transit time. Substitution into Eq. (6) yieldg”, the

gressively less certain downwind as both numerator and degoa mass production rate approximated usingO, with
nominator approach the background fluctuations. Thus, the, ;¢ ugd?t m533 '

question remains open about the potential multi-day growth

~ —dgi (ACO) (A1)

(A2)

of SOA, which if confirmed by observations would have 1 [SOA];
important implications for the nature of the regional back- on= ACOO( Cotd[SOA]dt_ ACO? dACOdt) (A3)
ground aerosol and its impact on radiative budgets (e.g. Fast !

The chemical detail presented here is obviously nOtzACOO ACO (A4)
intended for direct use in three-dimensional chemistry- dt

transport models. Rather, we used this model (i) to show Similarly, the dispersed SOA mass may be approximated
that explicit gas phase chemistry can generate condensabfeom Eg. (5) in terms of [SOA] andACO, with units of
organic products in amounts comparable to the aerosol obgg rrg3:

served in Mexico City; (ii) to identify the major chemical [SOA]
species contributing to the aerosol; and (iii) to quantify the Q, = ACOO<—> (A5)
aerosol evolution downwind of the city. The latter two is- ACO /,

sues are in particular need of observational evaluation. The Figure 11 shows generally close correspondence between
experimental detection of predicted products would provideQ’ andM’ and betweerp andM, confirming the usefulness
some confirmation of the hydrocarbon oxidation pathwaysof OA/ACO as an observational tool to describe SOA for-
from specific precursors (e.§:hydroxy ketones from long- mation in urban outflow, at least whil&CO is large. The
chain alkanes). Likewise, more measurements of temporaCO-derived estimates @ underestimaté/ by up to 11 %,
evolution are needed to clarify the issue of ongoing regionalreflecting active photochemistry including photolysis of car-
SOA growth. If these model predictions are confirmed, use-bonyl species leading to CO formation. The discrepancies re-
ful simplifications can be derived systematically from the verse strongly during the third outflow day, with positigé
fully explicit chemical model (e.g. as has been done fgr O and increasing? despite evaporative losses of SOA. This is
predictions by Szopa et al., 2005), and provide a physical babecause the urban outflow is by this point so dilute, and [CO]
sis for the parameterization of aerosol-related chemistry inis so close to background values, that the dilution-induced
atmospheric models. rate of change of CO is similar to its photochemical loss rate
so the assumption of CO conservation is no longer a good ap-
proximation. It is also around this time that BGOA overtakes

Appendix A SOA as the dominant component in our modeled aerosol (see
Fig. 10). Thus, while the SOA continues to grow and evolve,
CO as atracer of SOA production as shown by the continued increaseMf its signature be-

comes increasingly difficult to separate observationally from
Several recent studies (e.g. de Gouw et al., 2008; DeCarlthat of the regional background.
et al., 2010; Kleinman et al., 2008) have sought to quantify Model SOA/ACO (Fig. 11b) within the city is
empirically SOA production in urban outflow, by relating ob- 15.5ugnm3ppmvt (or 22ugsm3ppmv?, expressed
served [OA] toACO, defined as the local enhancement of relative to standard temperature and pressure), grow-
[CO] above its background value. CO has a chemical lossng to 52ugm3ppmvl (71pgsm3ppmvl) by
rate of order 1 month, so has been considered to be a relalaybreak on the third day of outflow. OACO is
tively inert tracer of urban emissions. The ratio [OAZO generally ~3ugnr3ppmv-1 greater. Our ratios in the
is used to approximate the mean SOA formation rate betweeputflow are comparable to aircraft-based observations
two points in an urban outflow plume (in the absence of sig-(DeCarlo et al., 2008), which find OA/CO increas-
nificant contributions from biomass burning aerosol whiching from 40pugsm3ppmv-!l above the city to 70 to
has a different OAACO signature). Here we derive analyti- 90 ugsnt3ppmv-! in aged air. The aging timescale of
cal solutions in terms oACO for the SOA mass production ~1 photochemical day assigned to the observed growth is,
rate and total. AssumingCO is completely conserved, it however, somewhat faster than in our model, which takes
may be used as a surrogate to describe the effedtg @nd almost two days for a similar OA&/CO increase.
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