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Abstract. The Unified Partitioning-Aerosol phase Reaction dicted by the model were in good agreement with the exper-
(UNIPAR) model has been developed to predict the secimentally measured OS fractions.
ondary organic aerosol (SOA) formation through multiphase
reactions. The model was evaluated with aromatic SOA data
produced from the photooxidation of toluene and 1,3,5-1 Introduction
trimethylbenzene (135-TMB) under various concentrations
of NOy and SQ using an outdoor reactor (University of Organic aerosols have attracted the interest of many re-
Florida Atmospheric PHotochemical Outdoor Reactor (UF-searchers because of the significant role they play in climate
APHOR) chamber). When inorganic species (sulfate, ammoforcing (IPCC, 2001), human healthchwartz et a).1996,
nium and water) are present in aerosol, the prediction of botland visibility (Baumer et a].2008. The oxidation of reactive
toluene SOA and 135-TMB SOA, in which the oxygen-to- volatile organic hydrocarbons (VOCs) produces semivolatile
carbon (O:C) ratio is lower than 0.62, are approached unmultifunctional products that can form secondary organic
der the assumption of a complete organic/electrolyte-phasaerosols (SOA) through either gas-particle partitioning or
separation below a certain relative humidity. An explicit gas- aerosol-phase reactions. Although SOA makes up a major
kinetic model was employed to express gas-phase oxidatiofraction of atmospheric aerosol, the development of a model
of aromatic hydrocarbons. Gas-phase products are groupei® predict the formation of SOA remains difficult, due to the
based on their volatility (6 levels) and reactivity (5 levels) and complexity of formation mechanisms in both the gas and
exploited to construct the stoichiometric coefficient () aerosol phases as well as the diversity of compounds (a large
matrix, the set of parameters used to describe the concerfraction of which remain unidentified).
trations of organic compounds in multiphase. Weighting of The gas-particle partitioning of semivolatile organic com-
thew; ; matrix as a function of NQimproved the evaluation ~ pounds is an important source of SOA. The complex task of
of NOy effects on aromatic SOA. The total amount of or- predicting SOA formation was facilitated by the gas-particle
ganic matter (OM) is predicted by two modules in the UNI- partitioning model, which uses several semivolatile surrogate
PAR model: OM by a partitioning process and Qi by products (e.g., two productgp@lum et al. 1996 with semi-
aerosol-phase reactions. The @%module predicts multi-  empirical parameters (mass-based stoichiometric coefficient
phase reactions of organic compounds, such as oligomerizand gas-particle partitioning coefficient) for a given aerosol
tion, acid-catalyzed reactions, and organosulfate (OS) formasystem. Donahue et al2@0§ have further advanced SOA
tion. The model reasonably simulates SOA formation undermodeling through the volatility basis set (VBS) approach.
various aerosol acidities, N@oncentrations, humidities and In their model, the volatility distribution of products is rep-
temperatures. Furthermore, the OS fractions in the SOA preresented using a group of volatility bins, and the multigen-
erational oxidation of the products is illustrated by remap-
ping their effective saturation concentrations in the volatility
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bins using a transformation matrix. Subsequently, Cappa an@Sato et al.2012 Loza et al, 2012. For example, Nakao et
Willson (2012 have simulated SOA mass and bulk aerosolal. (2011 have shown that the O: C ratios of toluene SOA
oxygen: carbon (O : C) atomic ratios employing tunable pa-(H2>O,) approached 0.65 and those mfxylene peaked at
rameters to describe the kinetic evolution of SOA mass ass00.45. Sato et al.2012 have reported that O : C ratios ranged
ciated with precursor VOC oxidation and further photochem-0.35-0.57 for 1,3,5-trimethylbenzene (135-TMB-)NSOA
ical aging of gas-phase products. There have also been sonaad 0.59-0.65 for toluene-NGBOA. Kuwata et al. 2013
models that have integrated explicit gas-phase kinetic mechreported that O:C ratios ranged 0.38-0.48 for ozene-
anisms of VOC oxidation with gas-particle partitioning. For pinene SOA and 0.69-0.72 for ozone-isoprene SOA. It
example, Kamens et all999 predicted the SOA formation has been shown that the relative humidity (RH) at which
by kinetically representing the gas-particle partitioning pro- organic/electrolyte-phase separation occurs can be feasibly
cess of semivolatile organic compounds (SVOCSs) using thedetermined using measured SOA O : C ratiBerfram et al.
rate constants of condensation and evaporation in the ga011). Furthermore, Zuend and SeinfeRD{(2 have applied
kinetic mechanism. the inorganic thermodynamic model to the ozenpinene

Although recent efforts advanced the prediction of SOA SOA/ammonium sulfate (AS) particle system (O: C ratio is
formation, partitioning-based SOA models remain incom- lower than 0.6) with different assumptions for aerosol-phase
plete and inaccurate. For example, the physical siterf{d  separation and mixing state (ideal vs nonideal). They showed
and Seinfeld 2012 and water content of aerosols as well that SOA yields were reasonably predicted when complete
as complex aerosol-phase chemistry via the interaction bekLPS was applied to the ozonrepinene SOA/AS particle
tween organic and inorganic compounds all influence SOAunder ambient RH.
formation and likely require treatment by a multiphase SOA In the present study, the Unified Partitioning-Aerosol
model. It has been known that aerosol-phase chemistry caphase Reaction (UNIPAR) model was advanced in order
significantly increase SOA mass, forming nonvolatile highto predict the SOA formation through multiphase reac-
molecular weight (MW) oligomers. Many studies have re- tions. The model was evaluated using outdoor chamber
cently reported that SOA formation is accelerated by acid-data for the SOA produced from the photooxidation of
catalyzed reactions (e.g., hydration, polymerization, forma-toluene or 135-TMB in the presence and absence of SO
tion of hemiacetal/acetal/trioxane, aldol condensation, andinder varying N@ conditions. In the presence of inor-
cationic rearrangement)gng and Kamen®00% Garland  ganic species (sulfate, ammonium and water), SOA forma-
et al, 2006 in the presence of inorganic aerosol for both tion of both aromatic species was approached assuming com-
the oxidation products of biogeni€goschke et gl.2003 plete organic/electrolyte-phase separation below a certain
linuma et al, 2004 Kleindienst et al. 2006 Surratt et al. RH (< 65% during aromatic photooxidation) since the re-
2007 and aromatic hydrocarbon£§o and Jang2007, ported O : C ratios of both aromatic SOAs are relatively small
2010. However, there are noted discrepancies among field~ 0.62). The UNIPAR model of this study has revised the
studies on the effect of aerosol acidity on SOA productionprevious model by Gang and Jargp(0 to allow for simu-
(Zhang et al. 2007, Peltier et al, 2007). When humidity is  lation of SOA formation under dynamically changing atmo-
high, the effect of acid-catalyzed reactions on SOA yieldsspheric conditions (NQ temperature, humidity, sunlight and
becomes indistinct since the reactions of organic compoundgparticle acidity). The UNIPAR model provides flexibility for
in the aqueous phase can considerably contribute to SOA forvolatility and aerosol reactivity of various oxygenated prod-
mation Czoschke and Jang00§. Furthermore, it also has ucts expressed with 30 lumping groups. The SOA mass is
been found that a new class of products, organosulfates (OSalso predicted via recently discovered aerosol-phase chem-
can be formed through the aerosol-phase reaction of organiistry, such as the oligomerization in both organic and inor-
species with sulfate, bisulfatiifygio et al, 2005 Betterton  ganic phases, acid-catalyzed reactions and the formation of
and Hoffmann1987) or their radicalsGalloway et al.2009 OS. In terms of the expression of aerosol chemistry, the dy-
Olson et al. 2011 Darer et al.2011). As OS forms, the ef- namic change of aerosol acidity (e.g., ammonia titration of
fect of acid-catalyzed reactions on SOA yields becomes lesacidic aerosol and acidity change by OS formation) has been
apparent due to the consumption of sulfuric acid (SA) andimproved.
the reduction of the amount of water in aerosol.

Both laboratory and modeling studieSlégg et al. 2001,
Chang and Pankaw2006 Ciobanu et al.2009 Bertram 2 Experimental section
et al, 2011 Song et al. 2012 Zuend and Seinfe|d2012
have suggested the importance of the consideration of &OA formation from the photooxidation of aromatic volatile
liquid—liquid phase separation (LLPS) between the organicorganic compounds (AVOCSs) (i.e., toluene or 135-TMB)
and electrolyte aqueous phases for an accurate modeling efith and without S@ under two different NQ condi-
organic aerosol mass. In the recent studies using an aerostibns was studied using the University of Florida Atmo-
mass spectrometer, the chemical compositions of SOAs havepheric PHotochemical Outdoor Reactor (UF-APHOR) dual
been expressed using O : C ratios and organic : sulfate ratioshambers located on the roof of Black Hall (29.641,85
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—82.347883) at the University of Florida, Gainesville, in water is generally much less than those of monomers.
Florida. The air volume of the half-cylinder-shaped, dual Thus, the actual RH at LLPS in aerosol is more likely to be
chambers is 104 (52 P +52n7F) (Fig. S1). The dual, greater than predicted RH at LLPS.

Teflon film chambers allow for two experiments to be con-  Figure 1 illustrates how major processes in both the gas
ducted simultaneously under the same meteorological conand aerosol phases are connected to SOA formation. Overall,
ditions, e.g., sunlight, temperature and RH. A detailed de-the UNIPAR model is operated as followed.

scription of the chamber, experimental procedures, and in-
strumentation is shown in the Supplement (Sect. S1).

SOA mass was determined by measuring the organic car-
bon (OC) concentration (semicontinuous OC/EC (elemen-
tal carbon) aerosol analyzer, Sunset Laboratory, Model 4).
The OC is converted to organic matter (OM) by multiplying
by the [OM]/[OC] ratio (2.0), which is the reported value
for aromatic SOA izumi and Fukuyamal99Q Kleindienst
et al, 2007). The SOA vyield {) is calculated as the ratio
of the formed OM to the reacted hydrocarbon concentra-
tion (AHC): Y = AOM/ AHC (Odum et al,1996. The pro-
ton concentration ([F], molL~1 in the inorganic aerosol)
was measured by two methods: particle-into-liquid sampler—
ion chromatography (PILS-IC) with the inorganic thermody-
namic model (E-AIM 1) Clegg et al. 2001 and the col-
orimetry integrated with a Reflectance UV-visible Spectrom-
eter (C-RUV) methodJang et al.2008. A detailed descrip-
tion of the acidity measurement using the C-RUV method
is shown in the Supplement (Sect. S1). The [testimated
from PILS-IC data does not include the acidity change by OS
formation, while that from C-RUV data includes OS forma-
tion. Therefore, the difference in [ between two methods
is used to estimate OS (a detailed calculation of OS is de-
scribed in Sect. 3.5).

3 Description of the UNIPAR model

In the presence of inorganic species (ammonium, sulfate and
water), both toluene SOA and 135-TMB SOA are assumed

to have two completely separated phases (an organic phase

and inorganic aqueous phase). In a recent study by Bertram
et al. 011, the LLPS of organic/ammonium sulfate parti-

cles has been parameterized using model organic compounds

as a function of the elemental O : C ratio and organic : sulfate
ratio. Based on the previously reported O : C ratios of toluene
SOA (0.62 on averagef@to et al.2012 and our measured
organic : sulfate ratio (ranging 1-6), the predicted RH value
for the LLPS of toluene SOA is about 65 %. Similarly, based
on the reported O : C ratio of 135-TMB SOA (0.46 on aver-
age) Gato et al.2012), the predicted RH at LLPS for 135-
TMB SOA is expected to be higher than 90 %. Thus, the as-
sumption of phase separation for the two aromatic SOA is
justified as the chamber experiments are largely conducted
at RH below their respective LLPS RH values. The humid-
ity conditions during chamber experiments were lower than
65 %, except for a short period at the beginning of each ex-
periment, and SOA formation is negligible at this time (less
than 1 h). Furthermore, the solubility of oligomeric products

www.atmos-chem-phys.net/14/4013/2014/

1. Gas-phase chemistry is treated by the Master Chemical
Mechanism (MCM V3.2) Jenkin et al. 2003 Bloss
et al, 2005, an explicit gas-phase kinetic mechanism,
and provides the concentrations and chemical struc-
tures (functional groups) of oxidized products in the
gas phase (Sect. 3.1).

2. To effectively account for wide ranges of complex at-
mospheric oxidized products, the model employs a
lumping frame based on the volatility of the chem-
ical species and the reactivity in aerosol-phase reac-
tions. Weighting of the lumping matrix as a function of
NOy improved the evaluation of NQeffects on SOA
(Sect. 3.2).

3. With the assumption of complete organic/electrolyte-
phase separation, the aerosol-phase concentrations
of each lumping group are dynamically estimated
by a thermodynamic model (partitioning of lumping
species between the gas (g), organic aerosol (or) and
inorganic aerosol (in) phases) (Sect. 3.3)

4. The total organic matter (O#), or SOA mass, in

the UNIPAR model is predicted by two modules: the
module for organic matter (OM by a partitioning
process and the module for the OM (QN) pro-
duced by aerosol-phase reactions of organic com-
pounds (Sects. 3.4-3.6).

5. OMar includes oligomerization, acid-catalyzed reac-
tions, and OS formation (Sect. 3.4). In order to ex-
press aerosol chemistry, aerosol acidity is dynamically
determined via the estimation of both ammonia titra-
tion of acidic aerosol and acidity change by OS forma-
tion (Sect. 3.5). Reactions in the inorganic phase occur
only in the presence of water (RHefflorescence rel-
ative humidity (ERH)). We assume that QNlis non-
volatile (Garland et a.2006 Kleindienst et al.2006
Cao and Jan@007).

6. The partitioning module approached by Schell et
al. (2001 has been modified by inclusion of Q{4
(Cao and Jang2010 to estimate OM based on a
mass balance of organic compounds between the gas
and particle phases (Sect. 3.6).

The UNIPAR model was coded using Fortran. In the fol-
lowing sections, the model components are described in de-
tail in order of computation in the UNIPAR model.

Atmos. Chem. Phys., 14, 4G127, 2014
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[MA]). The reactivity for aerosol-phase reaction is deter-

mined based on product functional groups (Sect. S2) assum-

Vap%presm Aerosol phase ing that aldehydes and epoxides are highly react?ve in aerp;ol
phase. Many laboratory studies have reported high reactivity

of the product containing an aldehyde or epoxide functional

groups fJang and Kamen200Z1 Jang et a].2003 Lal et al,

2012 linuma et al, 2009. The lumped products are used

Gas kinetic model (MCM) |

Oligomerization to construct the mass-based stoichiometric coefficient)(
_ matrix, the major set of parameters used to describe the con-
| (Partitioning) ‘ centrations of organic compounds in multiphase as shown in
- Eqg. (1) below.
Gas phase ROG+ oxidant— Z a; jL;j, Q)
i=1-6
Inorganic j=F-MA

phase

whereL; ; is lumping species. The detailed description of
product lumping is shown in the Supplement (Sect. S2). The
lists of products of each lumping group for toluene and 135-
Fig. 1. Conceptual structure of the UNIPAR mode; ; is the  TyB are shown in Figs. S2 and S3 in the Supplement.
mass-based stoichiometric coefficient. Reactivity F, M, S, P and 1 the UNIPAR model, the dependence of aromatic SOA
MAlr?dlcate the fast, met;hum, slow, nonreactivity and multl-alcphol formation on NQ conditions was treated by parameterizing
lumping group, respectivelC' and k' denote the concentration thew; ; matrix under different NQconditions. The photoox-

(Mgm3 of air) of lumping species and the partitioning coeffi- =2 : .
1), respectively. Subscripts “g”, “or", and “in” de- idation reactions of toluene or 135-TMB were simulated over

cient (n?
note g(as,%grganic, and inorganic aerosol phases, respectively. oM range of VOC/NQ ratios (ppbC/ppb, 4.5-90) using the
and OMaR are the concentrations (ug*rﬁ) of organic matter (OM) MCM V3.2 (details in Sect. S3). Then, regression equations
produced by partitioning and aerosol-phase reactions, respectivelyof «; ; as functions of the VOC/NgQratio were obtained
from the simulation results (Tables S3 and S4 in the Supple-

ment) and built into the Fortran code.
3.1 Gas-phase chemistry

3.3 Product concentrations among gas, organic and
The oxidation of reactive organic gas (ROG) (e.g., AVOC) inorganic aerosol phases

and the resulting oxygenated products are predicted using
an explicit gas-kinetic mechanism (MCM V3.2) integrated Under the assumption of organic/inorganic-phase separation,
with Morpho, a gas-kinetic chemical solveleffries et al.  the estimation of concentration (ugth of air) of lump-
1998. Because not all the reactions related to atmospheriéng species;, in the gas phaseCy;), organic phase(or,;)
VOC chemistry have been investigated, a fundamental asand inorganic phase(, ;) is derived from two gas-particle
sumption in the construction of the MCM is that the kinetics partitioning coefficientsKor; (m®pg=2, g< or) and Kin ;

of a large number of unknown chemical reactions are defineqm? ug=1, g< in).

with the use of structure-reactivity relationship (SRR). The

SRR method semi-empirically estimates the rate constant us-K . ; = & 2
ing group rate constants and the influence of neighboring Cq.iOM7

substituent, which is determined using the studied reactions

of a smaller subset of similar chemical specigsv¢k and K = Cin,i 3)

Atkinson 1995 Jenkin et al. 1997 Atkinson et al, 2007).

The products derived from the explicit gas-kinetic mecha-
nisms provide the information required for both partitioning
(product volatility) and aerosol-phase reactions (product re
activity) through the oxidized product molecular structures.

where OM: (SOA mass) is the total organic aerosol mass
concentration (ugm? of air) and M, is the inorganic
aerosol mass concentration (ug¥nof air). Both Kor; and
Kin; are estimated using Pankow's gas-particle absorp-
3.2 Product lumping structure tion partition model (Eq. S1)Rankow 1994. In calcu-
lation of Kor;, the activity coefficients yyr;) of lumping
The oxygenated products produced from the MCM simula-species in the organic phase are assumed as ulstyg(
tion are lumped into 30 groups based on their vapor presand Kamens1998. In estimation of activity coefficients
sures (6 levels: 1, 107°6,107%, 1074, 103,10 2mmHg)  (yin.;) of organic compounds in the inorganic aqueous phase
at 298 K and aerosol-phase reaction reactivities (5 levels: fastSOy/NH4/water), although the modeling efforts have been
[F], medium [M], slow [S], nonreactive [P] and multi-alcohol made Zuend et al.2011), the model predictions are limited
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due to the complexity of organic compounds and the lack o
a database. So, in this stugy, ; was semi-empirically esti-

4017

fwhere pkgy+ is the protonation equilibrium constant of the
base,X is excess acidity/ is the heterogeneous reactivity

mated. First, the activity coefficient of an organic compound parameter, andi, w and [H"] are the activity of water and
was estimated under the saturated condition in pure wateproton concentration (molt! of inorganic aerosol)kaco

using Hansen’s solubility parameter meth&hi(ton 1997)

stands for the acid-catalyzed reaction rate of the dilute condi-

then corrected to the activity coefficient in salted aqueoustion (neutral wet inorganic aerosokaco, pKgy+ andl! are

phase at 50% RH using the empirically obtained relation-

dependent on reactivity (F, M, S) of the compoundThe

ship between solubility of organic compounds in pure water[H™] of inorganic aerosol, and aerosol water concentrations,
and that in aqueous inorganic aerosol. For the solubility ofwhich are major factors in acid-catalyzed reactions, were es-
organic compounds in inorganic aerosol, literature solubility timated using E-AIM II. Similar tdac ;, the oligomerization
data for NaCl aqueous solution were used because of the ladlkeaction rate constantky(;) (L mol~s~1) are determined at

of literature data for SgYNH,/water. Detailed estimation of

the activity coefficient of lumping species in the inorganic

agueous phase is described in the Supplement (Sect. S4).
The concentrations of each lumping species in the gas, o

three levels based on reactivity bfko; is determined by
multiplying kac.o by a factor (0.13), which was determined
by fitting the simulated OM to the measured OM using SOA
rdata in the absence of the inorganic aerosol (Table 1).

ganic aerosol, and inorganic aerosol phases are derived from When RH is lower than the ERH of the aerosol, the

Egs. (2) and (3).

1
Cyi = Cr., 4
9! 1+ Kor,iOMT + Kin,iMin T ( )
Kor;OMT
Cori = Cr.i, (5)
1+ Kor,i OMT + Kin,; Min
Cin,i = kil Cri, (6)

14 Kor,iOMT + Kin ; Min

whereCr; (ugni3 of air, Ct; = Cg; + Cor; + Cin,;) iS the
total concentration of lumping speciés,The resultingCor.;
and Cin; are applied to the calculation of Qi through

aerosol-phase reactions as shown in the next section and theq\ AR =

Supplement (Sect. S5).

3.4 SOA formation (OMaRr) by aerosol-phase reactions

aerosol becomes crystalized and SOA cannot form by acid-
catalyzed reactions in the inorganic phase. The ERHs of
the NHy/SOy/water aerosol system were estimated from the
model study of Colberg et al. (2002). We assume that the
ERH of inorganic species is not affected by organic products.
Bertram et al. 2011) have recently reported that the ERH of
inorganic salt (ammonium sulfate) is not changed by SOA
products when O: C is less than 0.7.

The amount of OM formed by aerosol-phase reactions
(AOMaR) is same as the consumption of the total concentra-
tion of compound £ ACt) based on a mass balance. There-
fore, theAOMaRr can be expressed as

—Y ACr;= _Z/dcﬁ-

By combining Egs. (2)—(8), the kinetic equation®f ; can
be expressed as follows. (The detailed derivation is shown in

(10)

OMar is described by two processes: (1) the oligomeriza-iha Supplement, Sect. S5).
tion reaction in the organic phase and (2) the acid-catalyzed

reaction in the inorganic phase. QNlis estimated using the
analytical solution of reactions of lumping species in both or-

dCr;

_ MW,;OMt
dr

porlO’3

MW, Min
loinlo’3

koi,iCor,iZ ( > - kACA,iCin,iz (

). @

ganic and inorganic phases (Supplement, Sect. S5). The re- . , ,
actions in both the organic phase (Eq. 7) and inorganic phas¥here cor and pin are the densities of the organic and in-

(Eq. 8) are derived based on a second-order kinetic dimeriz
tion reaction Qdian 1981).

dc

!

'3 / 2
dct)m = —koiCq; (Inthe organic phage (7)
dCl/n i 2 . .
4 = = —kac.iCjp; (Intheinorganic phage (8)
where C;r’i and Ci/n,i are the aerosol-based concentrations

(molL~1 of medium) of lumping species;, in the or-

gorganic aerosol phases, respectively. In this model othe

was assumed as a constant (1.4 gérbased on the pre-
viously reported studiedNg et al, 2007 Sato et al.2007,
Nakao et al. 2011 for aromatic SOA. Thepj, was calcu-
lated dynamically using the E-AIM model as a function of
RH and a numerical indicator for inorganic compositions re-
lated to aerosol acidity (Fs[SO4/(SO4+NHy4)]. OMaR is
estimated from the analytical solution of Eq. (11) in the UNI-
PAR model.

3.5 Change of aerosol acidity by OS formation

ganic and inorganic aerosol phases, respectively. The acid-

catalyzed reaction rate constankad ;) (Lmol~1ts™!) are
calculated by the following equatiodgng et al.2006.

0.12

PR+ +0.64X +1.61/; +log(ain w[HT1)—4.1
kac,i =10 i

Min + kaco,i» (9)

www.atmos-chem-phys.net/14/4013/2014/

The formation of OS from the reaction of organic species
with sulfuric acid reduces aerosol acidity. In a recent study,
Li and Jang2013 reported that esterification of sulfuric acid
with alcohols and aldehydes in the aerosol phase decrease
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Table 1. SOA chamber experimental conditions and resulting SOA data.

Initial  Initial Initial Initial SOA
NO. Experimerf AVOC AVOC NO NO(HONO) VOC/NQ, SO, yieldP RH Temp.

(ppb)  (ppb) (ppb)  (ppbC/ppb)  (ppb) (%) (%) (K)
1 01/06/12E Toluene 190 35 35(40) 12.09 50 1BB7 81-18 280-306
2 01/06/12W Toluene 190 40 20(35) 14.78 - 18382 81-18 280-306
3 02/09/12E Toluene 175 180 30(35) 5.00 46 1bB4 83-21 280-307
4 02/09/12W Toluene 180 180 31(35) 452 - $6.8 83-21 280-307
5 05/18/12E 135-TMB 160 195 48(75) 5.14 - 494 95-14 290-317
6 05/18/12W 135-TMB 170 206 16(75) 6.06 40 8.7 95-14 290-317
7 05/20/12E 135-TMB 165 105 8(20) 11.12 -  340.3 90-13 290-317
8 05/20/12W 135-TMB 165 100 7(15) 12.12 43 57.5 90-13 290-317
9 06/20/12E Toluene 165 90 5(15) 10.50 €3515.6+1.4 83-27 295-317

aE and W denote the east and west chamit®DA yields are determined at 14:00 EST for toluene and at 11:00 EST for 135-TMB, while the uncertainties of SOA yields
are estimated from the uncertainties of OM axiOG by the propagation of uncertaintgy, 1966. “Mass concentration of inorganic seed (sulfuric acid) (uﬁm

the aerosol acidity because the chemical process transformssing the inorganic thermodynamic model. The n@uy
sulfuric acid into dialkylsulfates. This change can affect theand [H"] are applied to Eq. (9) for estimatingc ;.
acid-catalyzed reaction for SOA formation, requiring an es-
timation of the modified acidity by OS formation. In the 3.6 SOA formation by partitioning (OM p)
model, the removal of a sulfate ion by OS formation is es-
timated using Eq. (12) at each time step (Fig. 2). OMp is estimated using the partitioning module derived by
Schell et al. 2001) based on six volatility bins (1@, 1076,
(SO laig — [SOE-] 1075, 1074, 1073, 10°mmHg at 298K in Sect. 3.2). In

4 Jold 4 new UNIPAR, the partitioning module has been modified by in-

[SC; o clusion of nonvolatile OMg (Cao and Jang2010Q and
AOS 1 (12) reconstructed into OM based on a mass balance of or-
’ ganic compounds between the gas and particle phases. After
OMar calculation,Cgy; and Cor; are recalculated numeri-
cally using Eqg. (13)Rress et al.1992.

where [SOfl_]md and [SOfl_]neW are sulfate concentrations
(mol L1 of inorganic aerosol) before and after sulfate con-OMp =Y _ Cor.i (13)
sumption by OS formation, respectively. Before the forma- i
tion of new OS at each time step, free SU|fﬁﬂﬁQi_]free) ,\%,(,
(mol L~1of inorganic aerosol) that can form OS is calculated = Z Cri —OMar,i — Cy; v, Cont oM oM |
by excluding a sulfate ion in ammonium sulfate from the to- kMW T MWoi 0

tal |o_n|c sulfate[S_Ofl Jion that 'S+n0t assomateq with OS: where C; ; is the saturated gas-phase concentration lump-
[SO; liree = [SC;lion — 0.5 [NH; . OS conversion factor ing speciesi; MW is the molecular weight of lumping

is calculated based on availatBO; Iiree- Nos is the pa-  species; and MW is the average molecular weight of
rameter to count the fUnCtionaI groups that can react Witho"gomers formed from aeroso|_phase reactions'mhe
sulfate to form OS. Aldehyde, epoxide and alcohol groupsmass concentration of preexisting organic particulate matter
are counted as the OS-formable functional groups becausgnol m-3). Cj, ; is relatively very small compared @,; and

of their reactivity with sulfate. The semi-empirical parame- ¢, ., and the termki, ; Mi, is also very small compared to
ter fos is obtained by comparison of model simulation and the termk,, ; OMt in Egs. (4)—(6). Hence, the estimations of
acidity measurements for a separate SOA experiment in th@g’i andCor; are approached by the G\Mnodule at the end
presence of sulfuric acid seed aerosol (Exp. on 20 June 201gf each time step excludingn; (Fig. 2).

in Table 1). A detailed calculation @gfps and a description

of fosare shown in the Supplement (Sect. S6). Whey is 3.7 Model simulation

very high, AOS becomes high at a giVQBOf(]free. When

Nos is very small, the OS conversion factor is nearly zero. To estimate SOA formation over the course of a cham-
Based on the inorganic species from the previous time stefper experiment under dynamically changing ambient condi-
(except OS sulfates) and the new ionic species added into thions (temperature, RH and sunlight intensity) and inorganic
system, bothujn v and [H] are calculated at each time step aerosol mass and composition, the model calculates SOA

OS conversion factoe

= — = 1—
o7 1 Nos
[SO; Told + fosm
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—{ Gas Kinetic Model sible explanations for the addition of artificial OH radicals

) were suggested in the study by Bloss et2005: for exam-
Sunlight, B —— Gas-kinetic H H : : H
Temp, RH VOCGs mechanism ple, the uncertainty in yields of the reactive oxygenated in-

termediates produced via degradation of aromatic products,
UNIPAR Model |——— unknown photolysis rates of organic compounds, and miss-
(o | (New) ing pathways for OH radical generation in MCM. Moreover,
] j, J/—- - chemistry of a variety of peroxy radicals (R0in MCM
€= CACAC was oversimplified using surrogate coefficients instead of ex-
7= CgtCortCin 5 - . S .
g plicit mechanisms. Such simplified R@hemistry can cause
Kor 7= _Kin p = the discrepancy between the measured and the predicted
Cor fort 3 concentrations of OH radicals. The OH radical production
\ @ rate for the toluene mechanism of this study was approx-
r . —1 . .
eope— 5] |5 imately 2.0x 108 molecules cris™1, which is smallr%r Erlan
oM |: > previously reported values<(4.0x10® molecules cris™1)
Oligomerization | B |l z (Bloss et al. 2005 Cao and Jang2010. The discrepancy
Ny s 3 between the artificial OH radical production rate in this
cid-catalyzed RXN I L1 - . . .
J, = study and those previously published may be attributed to
[H'], Water, M,, $0, Consumption & different experimental conditions such as initial VOC (200
A by 05 formation ] vs. 700 ppb) and NQconcentrations as well as meteoro-
| worganicaerosor | xoo d a logical conditions. In the same manner, the production rate
thermodynamic model S of artificial OH radicals for the 135-TMB mechanism was

T 250, BNTL - 1.7x10° molecules cris™.

Toluene experiments were conducted for 12h (07:00-
Fig. 2. Computational flow of the UNIPAR modehAROG is the 17:00EST), but 135-TMB experiments could only be con-
reacted organic parent compound durifig ande; ; is the mass- ducted for 5h (07:00-12:00 EST) because of the fast re-
based stoichiometric coefficier. and K represent the concentra- activity of 135-TMB (all 135-TMB was consumed before
tion of lumping species and partitioning coefficient, respectively, 12:00 EST). Overall, VOC decay, N®O, conversion and
and the subscription of “g”, “or”, and “in” denote gas, organic, O3 production are reasonably predicted. The comparison
and inorganic aerosol phases, respectively.-O&hd OMyg are  of gas-phase experimental data with simulation results for
the concentrations of organic matter produced by partitioning andtoluene and 135-TMB in two different NOconditions is
gerosol_—phase reactions, respectivélfy, is the concentration of  shown in Fig. S8 (Supplement Sect. S7).
inorganic aerosol. It is well known that S@ can be oxidized through both
gas-phase reactions with OH radicals and heterogeneous
chemistry on the aqueous surface (aerosol and chamber
(Yyall). Due to the lack of the heterogeneous reaction mech-
anisms for the oxidation of SO sulfuric acid formation
through the oxidation of S§was not predicted by explicit
. o . mechanisms. The sulfate concentrations measured by PILS-
ammonium &NH, ) ion concentration (from PILS-IC), tem- |~ \yare directly applied to the UNIPAR model to simulate
perature apd RH. For the precﬁctmn of GMhe accumulated the effect of inorganic species on SOA formation.
concentrations of each lumping group are used with the ex-

clusion of OMxg, from the previous time step. 4.2 Effect of NOy on aromatic SOA formation

mass at each time intervah{ =3 min) by updating the in-
put parameters. In this study, six input parameters were use
initial VOC/NOx ratio, decay of precursor AVOCAROG)
(from MCM simulation), increments of sulfatasofl‘) and

Figure 3 shows model simulations of both toluene SOA
(Fig. 3a and b) and 135-TMB SOA (Fig. 3c and d) against
4.1 Gas-phase model simulation vs. experimental data  €xperimental data with and without $@nder two differ-

ent NQ, levels. The yields of toluene and 135-TMB SOA
According to previous studie¥\@agner et aJ.2003 Johnson  were determined at 14:00 and 11:00 EST, respectively. For
et al, 2004 Bloss et al. 2005, the kinetic mechanisms of toluene, SOA yields under the lower N©ondition (Fig. 3a,
aromatic hydrocarbons in MCM overestimate ozone peaksl8.9 % with and 13.3 % without SPwere higher than those
and underestimate precursor decay due to the low productionnder the higher N© condition (Fig. 3b, 15.3% with and
of OH radicals. Hence, an artificial OH radical was added9.3 % without SQ). This trend is consistent with other stud-
to the toluene mechanism in this study. The artificial OH ies (Ng et al, 2007, Kroll et al., 2007). Overall, the UNIPAR
radical production rate was determined by comparing themodel reasonably predicted measured OM concentrations of
simulated toluene decay to the measured data. Several pobeth high and low NQ conditions. However, during the later

4 Result and discussion
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Fig. 3. Time profiles of measured (symbols) and simulated SOA mass concentrations for toluene SOA and 135-TMB SOA under low and high
NOx conditions. The red and blue colors indicate experiments with and withopitr&§pectively. Solid, dashed, and dotted lines represent

total OM (OMr), the OM from partitioning (ON), and the OM from the aerosol-phase reaction (g respectively. The uncertainty
associated with OM (about 9 %) is estimated from the uncertainties of OC measurements and particle wall loss correction.

part of the study (after 15:00 EST), the model tends to over- Overall, aromatic SOA vyields of this study are relatively
estimate the measured OM concentrations. This may be dulew compared to those from other studigsap and Jang
to the high sensitivity to temperature changes in the modeP01Q Ng et al, 2007, although similar in the trend of NO
and the adsorption of SVOCs to chamber walls at low tem-effects. Lower SOA yields than those using indoor cham-
peratures. When the toluene chamber experiments were cotrers are often observed in outdoor chambéaohiison et al.
ducted (January—February), chamber temperature suddenB004. The temperature and sunlight for outdoor chambers
decreased after 15:00 EST (Fig. S4). Furthermore, to evaluhave a diurnal pattern (Fig. S4 in the Supplement Sect. S3).
ate the model performance in a wider range of,Névels, In general, the light intensity of ambient sunlight facilitated
toluene SOA were simulated under various,Nédnditions  in outdoor chambers is much stronger than indoor chambers.
(VOC/NOx ratio: 2—84, ppbC/ppb) (Fig. S9 in Sect. S8). Johnson et al. 2004 reported low SOA yields using the out-
The simulation results for the toluene SOA formation (&M door chamber. For example, toluene SOA yields under low
showed a consistent trend with other laboratory studies ( NOy were 4.63-5.14 % and the SOA yields under highyNO
et al, 2007 Cao and Jang2010. were 2.05-3.57 %.

The trend of 135-TMB SOA yields is the opposite of the
toluene SOA yields, showing higher SOA yields under higher
NOy conditions (7.3% with S@ 4.9 % without S@) than 4.3 Organosulfate formation
those under lower NQconditions (5.7 % with S@ 3.4%
without SG). This result appears inconsistent with previous
chamber studiesWyche et al. 2009 Metzger et al. 2008
Rickard et al.2010. This discrepancy may be partially ex-
plained by differences in environmental conditions between
different chambers and various stages in multigeneration ox
idation of products. Overall, the predicted OM accords well
with obser\{ation for 135-TMB oxidation in the presence of tal OM (OS/OM) from the model is illustrated in Fig. 4a
SO, but without SQ the UNIPAR quel underestimates for both( toluene )SOA and 135-TMB SOA under tw% dif-
O_M_compared to expgrl_mental data (Fig. _3C and d). The Ole1‘erent NG conditions. In this study, the fraction of OS of
viation of mod_el prediction f“’”_‘ obsgrva_ﬂon can be Causedthe total OM (OS/OM) was 0.095 for toluene SOA under
by the uncertainty of the;,; matrix, which is affected by the 0\ NG, condition and 0.052 under the high N@ondi-
reaction time. The actual 135-TMB SOA might be produced tion. For 135-TMB SOA, the fraction of OS (OS/GiYlwas

from more aged products than those used in the model, wherS 076 with the low NQ condition and 0.077 with the high
:.hea"’f matrix is determined at half of 135-TMB consump- condition. The predicted OS fractions of the total sulfates
on. ([SO3 10/[SO? Jtota)) from the model reasonably agreed

The UNIPAR model estimates the formation of OS using the
amount of consumed sulfate (§O estimated by Eg. (12)
and the average MW of OS products. The average MW of
OS, which changes dynamically depending on the change
of the OMar matrix over the course of the experiment, was
predicted by the model. The predicted OS fraction of the to-
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Fig. 4. Model-predicted fractions of Op] OMaR, and OS of the total SOA for toluene SOA and 135-TMB SOA under twg M®els (low

and high) (Experiments 1-8 in Table ). Comparison of the OS fraction of the total sulfate between model prediction and measurement
using the C-RUV method and PILS-[B).The uncertainty associated with the ratio of OS to total sulfate is determined based on uncertainties
of C-RUV (about 10 %) and PILS-IC measurements (about 10 %) by the propagation of unceKaint@66. *No experimental data are
available.

with experimentally measured values using the C-RUV andphase. Overall, under our experimental conditions, the acid-
PILS-IC data (Fig. 4b). catalyzed reactions2 in Eq. S18) in the inorganic phase
more significantly contributes to O than oligomerization
4.4 Effect of inorganic aerosol acidity on aromatic SOA  in organic phasefl in Eq. S18).
formation In the presence of inorganic aerosol, the sensitivity of SOA
formation to aerosol acidity was also simulated using the
In this study, the effect of inorganic aerosol acidity on aro- UNIPAR model. For model simulation, toluene was oxidized
matic SOA yields was evaluated in two ways: (1) SOA for- under two different %RHs (30 and 60) in the presence of four
mation with and without S@ and (2) SOA formation in the different inorganic aerosols: sulfuric acid, ammonium bisul-
presence of different inorganic aerosols with varying RH. In fate (ABS), ammonium sulfate, and neutralization of sulfuric
the presence of SOthe mass concentrations and the compo-acid aerosol with ammonia (SA to AS) as shown in Fig. 5.
sitions of inorganic aerosols dynamically changed due to thg=or the lower humidity (%RH=30), the SOA production
formation of sulfuric acid from the oxidation of SOneutral-  is the highest with SA, followed by ABS, and the lowest
ization with ammonia gas present in the background chamwith AS. At higher humidity (%RH= 60, RH> ERH of AS),
ber air and the fluctuation of ambient RH over the course ofthe acidity effect on SOA production is not distinguishable;
the chamber experiments. For all toluene and 135-TMB ex4.e., there is no difference in SOA production between the
periments, SOA yields were higher in the presence of SO ABS system and the AS system at RH 60 %. As shown in
than without SQ (Fig. 3). This suggests that the acidic inor- Eq. (§18), SOA yields in the presence of inorganic aerosol
ganic aerosol contributed to an increased OM through acidare influenced b¥ac ; linked to aerosol acidity (Eq. 9Min
catalyzed reactions. With SQtoluene SOA yields increased (the amount of water and critical RH), anh ; associated
by 42 % under the low NQcondition and by 65% under the with Kin;. At low RH, kac; is higher with more highly
high NOy condition (Table 1 and Fig. 3) compared to those acidic aerosol (sulfuric acid) due to increased Jrand X
without SG. 135-TMB SOA increased by 68 % under the (EQ. 9). The ERH of the highly acidic aerosol remains below
low NOy conditions and by 49 % under the high N€ondi-  the ambient RH, while the ERH of either neutral inorganic
tion. As shown in Fig. 3, the model also reasonably predictedaerosol or weakly acidic inorganic aerosol can be above the
acidity effects on both toluene and 135-TMB SOA. certain ambient RH (e.g., 30 %) forming a crystalized inor-
In Figs. 3 and 4a, the large fraction of QM in the total ~ ganic aerosol (no acid-catalyzed reaction; see Sect. 3.4). At
OM means that most SOA forms via aerosol-phase reactiongigh RH, the difference ikac ; between three different inor-
(OMaR). For the SOA without inorganic aerosol, QM is ganic aerosols (Fig. 5) is relatively small. Because their ERH
dominated by oligomerization in organic phase. For the SOAIs below 60 %, all the systems represent acid-catalyzed reac-
in the presence of inorganic aerosol, @Mforms via both  tion within inorganic seeded aqueous phase.
oligomerization in organic phase and the acid-catalyzed re- The OS formation in both SA and ABS systems influence
action in inorganic phase. These two reactions compete wittihe hygroscopic properties of inorganic aerosols through the
each other for the consumption of reactive lumping speciesonsumption of sulfate ions (30) and decreasing parti-
(monomer) (Eq. S18). The relative importance of oligomer-cle acidity (decrease of the ratio of inorganic sulfate to am-
ization in organic phase and acid-catalyzed reaction in inor-monium ion). The reduction oM, due to OS formation
ganic phase depends on the inorganic-to-organic-mass ratigan suppress the SOA formation mechanism through acid-
in the total aerosol, aerosol acidity, RH, solubility of organic catalyzed reactions in aqueous phase. As shown in Egs. (S17)
species in inorganic salt solution, and rate constants in each
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Fig. 5. Time profiles of the simulated OM and aerosol acidity {J[Hmol L~1 in inorganic aerosol) in four different inorganic aerosols:

sulfuric acid (red), ammonium bisulfate (green), ammonium sulfate (blue), and sulfuric acid with ammonia neutralization (violet). To mimic
atmospheric conditions in the model simulation, inorganic aerosol (e.g., sulfuric acid, ammonium bisulfate, and ammonium sulfate) is added
into the chamber at the constant rate (2.1 [iht ). The total amount of inorganic aerosol introduced into the chamber is 20 AgfFor

the case of the neutralization of sulfuric acid with ammonia, sulfuric acid is added for the first 3.5h (07:30 to 11:00 EST), and ammonia is
added to the chamber between 11:00 and 17:30 EST. For the model simulation, both the sunlight data and the consumption of toluene employ
data on Exp. 6 January 2012 at a constant temperature (298.15K) at 30 and 60 %RH.

and (S18), OMgr decreases with the reaction ofi, (the cludes newly identified pathways, a substantial negative bias,
mass concentration of wet inorganic aerosol). particularly in summertime, suggests that the current model
is insufficient to describe SOA formation and future efforts
should focus on identifying and incorporating new SOA for-
5 Model uncertainty and implications mation mechanism${mon and Bhave2012. The UNIPAR
model possibly would improve the predictability of SOA
The OMar module in the UNIPAR model includes new growth in humid conditions (summertime) due to the QM
aerOSO|'phase reactions such as the Oligomerization in bothqodlﬂe that expresses reactions of Organic Compounds inin-
organic and inorganic phases, acid-catalyzed reactions angrganic aqueous phase. Figure 5 confirms the important role
OS formation. Such effort enables prediction of the effectof aqueous phase for SOA production. When aerosol is acidic
of both SQ and inorganic aerosol on SOA formation un- (H2SO4 and NHHSOy), OM production is relatively insen-
der various humidity conditions. The model also improved sjtive to RH. However, in the presence of ammonium sulfate,
the prediction of aromatic SOA formation under various which is a typical inorganic constituent in ambient aerosol,
NOx concentrations through weighting of the lumping ma- oM production is significantly affected by RH. As shown in
trix as a function of VOC/NGQ ratios. Although the UNI-  Fig. 5, the simulated OM at high RH (60 %) is significantly
PAR model is developed with many submodels (e.g., MCM, higher than that at low RH (30 %) in the presence of ammo-
UNIFAC, aerosol-phase reaction, inorganic thermodynam-njum sulfate (e.g., nearly 100 % in the middle of the day).
ics), it requires relatively few inputs at run time because the  The major uncertainties in the UNIPAR model associ-
UNIPAR model is a self-contained Fortran coded module ated with model assumptions, semi-empirical equations used
that uses the parameters predetel’mined outside the UNlPAR) describe aerosol Chemistry, and thermodynamic parame-

model and inputs (e.gAROG, [SG ], [NH}], T, RH, and  ters to estimate the distribution of products among multiple
VOC/NO ratios) commonly available in regional/global air phases are as follows.

quality models.

In spite of the significant contribution of SOA to B, 1. The distribution of stoichiometric coefficient,(;) is
ambient simulations on regional/global scales have a consis- influenced by prediction of oxygenated products using
tent low bias compared to monitored organic aerostartis the explicit kinetic mechanisms (e.g., MCM). Most ki-
et al, 2006 Carlton et al. 2008 Baek et al. 2011, Ervens netic mechanisms of aromatic hydrocarbons in MCM
et al, 20121, Simpson et a).2007% Kleinman et al. 2008. have not been tested due to the lack of authentic stan-
Although the current SOA mechanism in regional models in- dards. Only few aromatic SOA products have been
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identified, although much effort has been expended
in aromatic SOA product identification. For exam-
ple, in a recent study by Sato et aR0O(?2 using
liquid chromatography—mass spectrometry (LC-MS),
only ~1wt% of the total mass of aerosol products
from the photooxidation of toluene was identified. In
this study, major products predicted by MCM were
glyoxal and methylglyoxal for toluene and methyl-
glyoxal and 2-methyl-4-oxo-2-pentenal for 135-TMB.
These products have been experimentally observed in
many studies§mith et al, 1999 Alvarez et al, 2007).

The addition of artificial OH radicals in the mech-
anisms suggests that the explicit gas-kinetic mecha-
nisms for AVOCs need further development. Although
the «; ; matrix (Fig. 2) was described considering
an initial VOC/NQ, ratio (Sect. 4.2) and applied to
dynamically express aerosol-phase reactionspthe
matrix was limited in describing photochemical aging
of gaseous compounds.

. Vapor pressure calculation of organic products and
its temperature dependency influence both the gas-
particle partitioning process and aerosol reactions of
organic products. Both the estimation method of va-
por pressure and product lumping based on volatil-
ity can affect model prediction. Figure 6a and b il-
lustrate the sensitivity of model prediction to varia-
tion of vapor pressure and enthalpy heat of vapor-
ization (Hvap). The uncertainty of the vapor pres-
sure estimated using the group contribution method
of this study is a factor of 1.45 (about 75 %jh@o

et al, 1999 Myrdal and Yalkowsky 1997). The Hyap
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tion of yin; by one-third nearly approaches tha ;
estimated in pure water (upper boundary of Qi

. kac,; semi-empirically estimated using the set of

model organic compounds (Sect. 3.4) can be lim-
ited in its expression of the reaction rates of vari-
ous multifunctional organic products in the complex
SOA system comprising a variety of organic com-
pounds (Sect. 4.4). Figure 6d shows the sensitivity of
the SOA model to variation dfac ; (increase/decrease
by 100 %/50 %).

. OMaR is affected by OS formation due to the dynamic

change in aerosol acidity (Sects. 3.5 and 4.3). In UNI-
PAR, the semi-empirical relationship used to predict
OS formation was obtained using the data from toluene
SOA internally mixed with sulfuric acid aerosol. How-
ever, both OS formation mechanisms and OS chemical
stability are unclear. The prediction of OS formation
needs to be revisited when more experimental data are
available for various SOA systems.

. Recent studies\frtanen et al. 201Q Zelenyuk et al.

201Q Abramson et a). 2013 have reported that
SOA viscosity increases due to the atmospheric ag-
ing process. In highly viscous aerosol, diffusion of a
molecule could be significantly slow and affects var-
ious aerosol-phase reactions, including oligomeriza-
tion, acid-catalyzed reactions and organosulfate for-
mation. The effect of viscosity on rate constants was
not counted in the kinetics of aerosol-phase reactions
of the current UNIPAR model.

Among the model parameters, as shown in Fig. 6, vapor pres-

of organic products in this study ranges from 50 to sure andy; ; would be the most influential on the predicted
150 kJmotL. The reported error associated with the OMt. Both vapor pressure ang ; span over eight orders
estimation of Hyap oOf this study is about 4% (upper of magnitude (108-102mmHg for vapor pressure and

boundary) Gopinathan and Sarag2001, Kolska et al,

10°-10 for y; ;). They are typically estimated using semi-

2005). To test the impact of the uncertainty of the esti- empirical equations based on the databases lacking in both
mation, vapor pressures were increased by 100 % andiversity of compounds and experimental conditions. Inher-

decreased by 50 % (factor of 1.5) (Fig. 6a) afighp
were increased/decreased by 10 % (Fig. 6b).

ent uncertainties in the SRR method and oxidation mech-
anisms within MCM can also affect the lumping structure,

their concentration in multiphase, and the estimation of ma-

3. The estimation of the activity coefficientg;(;) of or- jor thermodynamic parameters as described above.

ganic compounds in the salted aqueous phase also has In order to apply the UNIPAR model to the regional-
some uncertainty due to the lack of the data sets ofscale air quality model, the model parameters need to be
solubility of organic compounds in various inorganic tested for various SOAs that originate from different anthro-
salt solutions. The semi-empirically estimatgd in- pogenic and biogenic VOCs under ambient relevant condi-
fluencesCi, ; as well as OMRg (Sect. 3.3). Figure 6¢c tions. The UNIPAR model of this study, which has been
shows the sensitivity of the SOA model due to the vari- explored for the case of complete organic/electrolyte-phase
ation of y; ; (increased by 3 times and decreased byseparation, is applicable to less polar SOA (O : C ratd62
one-third). Whenyn ; is increased by 3 times, O under ambient RH), including toluene SOA, 135-TMB, xy-
approaches the value predicted in the absence of inlene SOA, alkene SOA, and terpene SOA. However, hy-
organic salt solution (lower boundary of QM). For drophilic SOA such as isoprene SOA and benzene SOA can
example, OM in Fig. 6¢ (lower dashed line) becomes be mixable with electrolyte liquid phase and form a single
close to the OM without SG in Fig. 3a (blue line).  phase. For these hydrophilic SOA, the model needs recon-
For major products contributing SOA mass, the reduc-struction for gas-particle partitioning (activity coefficients)
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Fig. 6. Uncertainty of model prediction due to variation of major model parameters. Solid lines are for model prediction, symbols are
for experimentally measured OM, and dashed lines are sensitivity test results (upper and lower cases within given variations of model
parameters). The simulations employ the environmental condition of the experiment performed on 6 January 2012 with 190 ppb of the initial
toluene concentration (see Fig. 3&)) The estimated errors associated with vapor presgsedf lumping species were predicted with
increasing/decreasinig by 100 %/50 %(B) The estimated errors associated with enthalpy of vaporizatiganf of lumping species were
predicted with increasing/decreasifigap by 10%.(C) The estimated errors associated with activity coefficiepty ©f lumping species

in the inorganic phase were predicted with thg increased by 3 times (200 % increase) and decreased by one{jrdihe estimated

errors associated with reaction rate constahig ) of lumping species in both the inorganic phase and organic phase were predicted with
increasing/decreasing rate constants by 100 %/50 %.

of organic products in an organic/electrolyte single phase. InAtkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-
the future, the evolution of the lumping matrix of stoichio-  sonJr, R. F., and Kerr, J. A.: Summary of evaluated kinetic and
metric coefficientsd;, ;) via photochemical aging process is ~ photochemical data for atmospheric chemistry, IUPAC subcom-
necessary to improve the prediction of SOA. mittee on gas kinetic data evaluation for atmospheric chemistry
web version, 1-56, 2001.
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