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Major comment Dynamic .

| understand the madgmsed stoichiometric coefficienti), has tobe dynamic to capturthe full
evolution of the aerosol mass. It is not clear on page 5 line 7, if the dyresuitstruction is a fit
to smog chamber data or not. Section 3.1 reads asmés fittedat the beginning and ending
conditions of the experiant. Then assuming thataésrrect, does.i have any value other than a
free parameter? was the major factor that brought the experiments and model into an agreement,
is this fit general for the atmosphere or system specific?

Response

The dynamic reconstruction of; is not produced by fitting SOA simulatiowith .; to the smog
chamber datarhedynamic .i is createdy compositing the two; setsatthefreshgas composition
("” 1) and the highly agedgas composition ( S <%0 $ Ho1tk). The ~” 1 <G and the
S « %o $ %o tHare predicted using the predetermined equations, which are a fundi@n lefvel

near the summer solsti¢dune 14, 2019. At a givenNOx level, dynamic.i is reconstructed using

theaging scale facts( B:P, L H I@%ﬁ Under a giveNOy level (HC ppbC/NOy ppb)the

B : P is maximized late afternooraf PM) at near solstice. For the fresh conditi@; B N B,
determined at 20%f total hydrocarbon consumptioB:BN R@nhd B:DECHUOA@e B PR,
values at fresh and highly aged conditions, respectivElyr example, B:B N@; and
'DECHUOA & HC/NG = 45 for tolueneare-3.7 and -2.9, respectively. At HC/NOy = 2,
BN BA@nd B:DE CHUA&e-7.2 and-5.2,respectivelyWe define aging factorg " P) at

time =t as follows



B p L B:DEOHEBCA @ B:P
"' "B:DEDHHCA@ B:BNABO

Then, the .i setis dynamicallyreconstructedy a weighted average method (Eq. (2) in the
manuscriptusing ~” + +Gset S < %0 $ Hotlfset and B " P.

In order to provide better description, Sect®fh Atmospheric evolution of lumping species

has been revised and reads now,

3« The weighting factoat time = Hs related to an aging scale factd (F), which is defined as
P L HIEEZEE?

1)

where [RQ] and [HOJ] represent the concentrations (ppb) of-R@d HQ radicals, respectively,
and [HC} represents the initial HC concentration (ppbC). The |dweindaryof B : P, ( P= fresh)
to determine theJ;set is equal te7.2 at HC/NQ=2 (high NQ levels) and-3.7 at HC/NQ=14
(low NOx levelg for all three HCsThe uppewalueof B :PB ( P= highly aged to determine the
highly aged Ussetis equal to-5.2 and-2.9 under the same high and low Névels, respectively.
Both the freshU;and highly agedJ;are functions of HC/NQ B :Pis further converted into a

fractional agingscale (B ": P) ranging from ((fresh composition) td (highly-aged composition)
G:000RIOUGR W g

using a weight average methoB (: P, L S0 0R60aR G UAd

) at each NQ@level Then, Ujs

dynamically recostructed based oB ": P, under varying N@conditions.
WL :sF B"P;:""f«§; E :B"P;:S <% $ Hoil
2)

«

Minor Comments
(1) Page 1 line 13"applied to estimate" would be clearer if changed to "usedtimate”
Response:

This has been correctadthe revised manuscript

(2 Page 1line 196 KRXOGQIW WKH LPSRUWNDQOF H, be ExHebtedF id/thiskR O\W H V
new insight?



Response:

The impact of hygroscopic sedd(y, or aging on SOA growth has been studied by numerous
researchers. However, ttedative importance dhese variabkeon SOA was not well investigated.
Based on our chamber studies and simulation results (Figure 7), we conclutie gfégct of an
agueous phase containing electrolytes on SOA vyields was more important than that of the NO

level under our simulated cditions orthe utilization of the agdriven .; set

(3) Page 1 line 21 and Page 11 line 1%resence of wet electrolytic seeds" is timainly the
saltingin effect(and not chemical reactions) that causes the incie&®A mass? From, Figure

7 the small fraction of Ok in A-D seems teuggest that is the case. Have yonsimulations

at higher RHs, say 90%?

Response:

Although some compound®.§., glyoxa) can be daing in (Kampf et al., 2013)In general,
electrolytic inorganicaltsresults in salting out for most organic compouf\d&ang et al., 2014)

In this paper the organic solubility in the saltedqueous phase was predictasing the
predetermind polynomial equation, which was produced using the solul§ditivity coefficien)

of a variety of model compoundshich were parameterized with molecular weifitv) and
organic to carbon ratio (O:G}t different humidity and inorganic compositiorisvidently, the
activity coefficient of most organic compound increases as increasing salt concentrations
(decreasing humidity) supporting a salting out effect (Section S3 in supporting information). The
sign of the coefficient for humidityn equation 4 is negative. In the revision of the manuscript,

equation 4 was updated by including more model compounds and reads now,
() gL ABA<HBAE D784 50 AEHE?98 <& 1748 = k544475688

(4) Page 4 line 10There are theoretical calculations to include in the suppoagsemption of
phase separation. See Zuend, A. and Seinfeld, J. H.: ModBkngasparticle partitioning of
secondary organic aerdsd®he importancef liquid-liquid phase separation, Atmos. Chem. Phys.,
12(9), 38573882,d0i:10.5194/ac{l2-3857-2012, 2012.

Response:

We citedthe orighal paper in the manuscriptpage 4 line 1.



(5) Page 5 line 26:How did you settle on thiformula for the activity coefficients? duggest
adding that discussion to the SI.
Response:
In order to provide better descriptiorgcdion S3 3$FWLYLW\ FRHIILFLHQW RI RUJD
DTXHRXV SKDVH FRQWhad igénQeliddaDdtEdEBEWO \W HV’
3n the UNIAPR model, the formation of aromatic SOA is simulated with the assumption of
organicinorganic phase separatiofio predictthe partitioning of organic species on both the
organic phase and the inorganic phase,key model parameters arg ggzand - (j 4 respectively
(described in SectioB.2 of the main manuscriptin order to predict ( 45 the calculation othe
activity coefficient ((J; 5 of organic species in the inorganic phase (aqueous phase containing
electrolytes) is necessary.

In our study, ; sivas semiempirically predicted by a polynomial equation, which was fit
the theoreticall; 40f various organic compoundsriglative humidity RH), fractional sulfateRS),
and molecular structures (i.enolecular size§/9 ) andpolarity ( 18%). The theoretical}; 4
was determined at the maximum solubility of organic species in the electrolytic aqueous phase
(SO*-NH4*-H,0O system)using he Aerosol Inorgani©rganic Mixtures Functional Groups
Activity Coefficients (AIOMFAC)(Zuend et al., 2011AIOMFAC was run for theestimation of
{; 50f 26 model compoundsvith diverse /9 gand 1&gunder varyinginorganic phase
compositions (B and hygroscopicity linked to RHY.he oligomeric productéorm in aqueous
phase,but theydeposit to the organic pba due to their poor solubility in inorganic phase.
However,some hydrophilicoligomers can dissolvian both organic and inorganic phasésr
example, glyoxabrigin oligomers might béydrophilic andpartially soluble in inorganiphase.
Hence, the tracamountof glyoxaloligomer (MW = 290 g/moandO:C = 1with mole fraction =
0.01) was includedn inorganic phas@s seen in Tabl84 In FigureS1, the [, gzpredicted by
AIOMFAC was plotted to that predicted by the polynomial equation (Eq. 4 in the manuscript)
along with theoneto-one line for 26 organic speci€BableS4). FS ranges from 0.34 to 1.0 and
RH ranges from 0.1 t6.8."



Table S4: The molecular structures of the oligomeric compound (a) and 26 model compounds
(b) with O:C ratios and MW, which were employed to derive the polynomial equation to

predict Y., of organic species in electrolytic aqueous phas&he name of the organic

compound with symbol * originates from MCM website
(http://mcm.leeds.ac.uk/MCMv3.3.1/home.ht}.




Figure S1: The Y2.4predicted by AIOMFAC wasplotted to that predicted by thepolynomial

eqguation (Eg. 4 in themanuscript) along with the one to ondine.

(6) Page 11 Line 3IRH is insignificant” only at these experimental conditidviaybe change to
"RH is insignificant for our experiments, discussed in Secti@d

Response:

'H FKDQJHG W K H« YhE €fe¢t-biRIFih SR gPowthis insignificant in our simulatign
discussed in Section 4.2.

(7) Figure 5: , ILQ G W K Haxik (hKdlst Hivycramped. Add a little more wisppace between
the thregpanels to improve readability.
Response:

Figure 5 has been revised based on the comthentviewer as follows
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Figure 5: Time profiles of measured inorganic sulfate concentration ([S&3]exp), ammonium
concentration ([NH4'lexp), diOS concentration ([diOSlxp), the predicted proton
concentration ([H*]), diOS concentration ([diOSkode), and the maximum diOS
concentration ([diOS]nax) (assuming there is no ammonia neutralization in the system) for
SOA generated from (a) toluene (HOXNOx = 2.9,0M-to-sulfate mass ratio OM:sulf) = 1.4),

(b) ethylbenzene (HCNOyx = 12.3,0M:sulf = 1.4), and (c) npropylbenzene (HCNOx = 14.4,
OM:sulf = 0.7). The degree of neutralization is indicated by FS, which is ranging from 1 (for
sulfuric acid) to 0.33 (for ammonium sulfate). 36 $~ V&8 BoQ experiment with direct-
injection sulfuric acid seeded aerosols. The ion and diOS concentrations were corrected for

the particle loss to the chamber wallThe experimental conditions are available in Table .1
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Major comments:

(2) It is unclear which experiments were conducted in sunlight, and how this important factor
affected the results. The paper mentions that the sunlight from one experiment performed near
summer solstice was used in gdgmse simulations, apparently for akperiments, even those
conducted in midvinter. Were all experiments performed on clear days? How might using more
intense sunlight in simulations of winter experiments affect the uncertainties of the results?
Response:

Please also find the response te thajor comment from reviewer 1. All the simulations were

performed by using natural sunlight. As described in Section 3.1 in the manuscript, the aging scale

factor is defined a8:P, L H }@%ﬁ? In order to set the aging scale factor the fresh

(B:B N AYXand highly aged processin®( DE C H O A)@f hydrocarbon oxidation, we utilized
the sunlight intensity near summer solstice (on 06/14/2018 with a clear sky in Gainesville, Florida
(29.64185° N, 82.347883° W))h& aging factor B " PF) at time = t is estimated by using the

equation below,

Bup L B:DEDHEBCA@® B:P,
"' " B:DEOHHBCA@®@ B:BNAO

Then, the .i set is dynamically reconstructed by a weighted average method (Emp 2
manuscript) using ” 1 «Gset, S < %o $ %o Liiset andB (t).



(2) p. 6 line 10: Was oligomerization in both the organic phase and the aqueous (inorganic) phase
based on selfiimerization of individual products, or lumped products? In other words, were cross
reactions possible between molecules lumped into a single bin?

Response:

In UNIPAR model, oligomerization of organic compounds is processed in both the organic and
the inorganic phases based on the-delferization reaction of lumped products. The cross
reactions between lumped species are complex. If highly reaotyanic species react with
weakly reactive species, this oligomerization may be less than the reaction of highly reactive
organic species in a single bin but greater than the reaction of weakly reactive organic species in a
single bin. Ultimately, they an be compensated in the production of organic matter. Thus,
oligomerization in UNIAPR was treated as s#itinerization of lumped products within a single

bin (Jang etl., 2005;Jang et al., 2006)

(3) p. 10 line 32: The authors identify a large temperature effect on SOA yields, as seen in other
studies. However, the authors are uniquely positioned to identify whether this effect is due only to
partitioning, as typically assumed, or is also due to teatpes dependent reactions that either
destroy condensable species or produce other species that hinderpgetle transfers.
Partitioning seems to be such a minor SOA source in this study that it is surprising that the observed
temperature effectsaso pronounced. Could the authors probe the cause of the temperature effect?
Response:

Gaseous lumped species first partitions onto aerosols based on a traditiopalrtighes

partitioning theory. In UNIAPR, theligomerizations rate is processed bgeaond order reaction

as follows.
—Xzﬂf'— FGaMa i% ” (Eq. 6 in the manuscript)
—Xli@gwl- FGyafb &63/2?.;@?9, (Eg. 7 in the manuscript)

The oligomeriztion rate constants (ol s?) in the organicdr) phase and inorganimnj phase
are G and G, respectively. The bracketed terms in the equations are the conversion factors
from aerosobase concentrations’f ;;and 9% 5 mol L) into airbase conagrations (ug It)

(Section S5).6; sand € gepresent the density of tbeandin aerosol.The concentitions J P
10



3 of air) of speciesin the gas phases), or phase ¢4 z) andin phase (g 4) are estimated using
partitioning coefficients in the multiphase: i.ez(m> J%, g/or) and - g 5(m> J%, g/in). - 2a

and - j gare calculated (by Pank@Rankow, 1994)by using estimated activity coefficients in the
or andin phase ( sand (; 3, the mass concentration of medie/(; and / 3), and vapor pressure
(Lp (See Sectior8.3 SOA formation: aeros@hase reactions). 1¢4s;and % gincrease, the
formation of oligomerization also increases. Numerousesuthveshown that a large fraction of
SOA is oligomerqTolocka et al., 2004;Loeffler et al., 2006;Hoffer, 2004;Baltensperger et al.,
2005;Hastings et al., 2005;Riva et al., 2019)

(4) In Figure 5, dialkyl organosulfates(diOS) cacentations seem to track ammonium
concentrations. In one experiment, the authors comment that diOS formation ceases when the
aerosol effloresces. Is there any causative relationship between an@Sammonium
concentrations imetaerosol?
Response:
When acidity is high in wet aerosol, both the diOS formation and the neutralization of acidic sulfate
with ammonia can occur. When the inorganic phase is effloresced (no aqueous phase), organic
compounds cannot be dissolved in the inorganic phase. Ggndnallneutralization of acidic
sulfate with ammonia invet aerosol is faster than OS formation. When the gaseous ammonia
concentration is high, sulfuric acid will be consumed by ammonia and thus the formation of diOS
can be less. The formation of diOS deds on the concentrations of both acidic sulfate and
reactive organic species in taerosophase. The prediction of the diOS formatic® E 3 5« 9
is performed using the semiempirical equation derived previously for several SOA systems such
as aromatic and isoprene S@n et al., 2014;Beardsley and Jang, 204$¥ollows,

*UBbuiex o E 5

>iI‘E('J7?\~IY‘E)‘E) 5> MOAA#-\_;OI%{;D

(Eg. 9 in the manuscript)

O« ¢y eriepresents the numeric parameter originating from the quantity of reactive chemical species
available to form diOS. This parameter is regplicitly predicted in the modeR  giepresents
the semiempirically determined diOS conversion factor gsmarious chamber data. At each time

step, acidic free sulfate$ %7 3, 1 3.gwvhich is the sulfate that is unassociated with ammonium

11



(%0 *3 7, is estimated as>5 £7 ?F rav=0 *; 2 and applied to estimate@ E 2 5. g AS seen in
the euation above, diOS formatlon;i%‘;’)als not linearly related tob §° 7 2 g enerally,

the high proton concentration ([Bl in the aerosol indicates the high concentratio®®” 3 2 g »
available for diOS forration. In the morning when humidity is high (>80%), gaseous ammonia
concentrations are low because they are condensed on the chamber wall. The ammonia
concentrations rise in daytime when humidity is low because ammoniagsassingfrom the
chamber wallHence, the formation rate of diOS decreases by the two reasons: (1) the consumption
of 5 87 ag@ue to diOS formation and (2) the neutralization >6f%? 3, 3 swith gaseous

ammonia as shown in Figure 5 (flat diOS curve in the afternoon).

(5) Figure 7 implies that in most experiments, aqugzhesse SOA production is much greater than
62%$ SURGXFWLRQ YLD WUDGLWLRQDO SDUWLWLRQLQJ PHFKDC(
comparison or comment on it. Is it a fair comparison?

Response

The traditional partitioningpased SOA models such as two products m@@eum et al., 1996)

or several semivolatile surrogates model (e.g., volatility basis set ((BS8jahue et al., 2006)
utilizes semiempirical parameters (e.g., the product stoichiometric coeffic)eard gagparticle
partitioning coefficientp)) for each HC system under a given N©Ondition. The parameters in
traditionalpartitioningbase models are apparently fit to observed SOA mass. Although the theory
facilitates the predicting of SOA mass in the absence of inorganic seed, the SOA mass from the
traditional surrogatéased partitioning models is not truly partitionmgss. In UNIAPROMp is
predicted solely by the partitioning theory usingearexplicit molecular structure with their
activity coefficient and vapor pressure and thusrF®M be less than the mass prediction using

traditional surrogatdased partitinoing models

(6) Figure S1 indicates that ozone is generated too quickly in the model, sometimes by a factor of
2 or 3. Can the authors comment on the implications of this overprediction? Is it related to the
SDUWLILFLDO 2+ UDGL FDxeffaibexpgeti@entd?’R WKH PRGH

Response:

12



The overprediction of ozone is not due to an artificial OH radical. As shown in the Figure below,
ozone is ovepredicted by removing makep of artificial OH radicals. However, both the addition

of artificial OH radicals and overestimation of ozone iatkcpotential problems in MCM for
oxidation of monoalkylbenzenes. The MCM developers and other researchers also reported over
prediction of ozone for aromatic photooxidati@toss et al., 2005;Wagner et al., 2008) have
performed numerous chamber experiments. The overestimation of ozone using MCM appears in
monoalkylbenzenseries, while a good agreement between ptiedis and observations is found

in xylenes, and trimethylbenzenes, terpenes and isoprene. We propose several explanations for the
deviation of predicted ozone formation from the observations.

(a) RO chemistry in MCM mechanisnis still uncertain. Numerousrpducts and reactions
are involved to form R® Thecrossreactionsbetween R@and the reaction of various
RO; with HO, are complexVillenave et al., 1998;Jokinen et al., 201®yversimplified
surrogate coefficients for the diverse RfBemistry could trigger the discrepancy between
the modeled and the measured OH radical concentration.

(b) In the gas kinetic mechanism, the photolysis rate constants of organic compounds were
also oversimplified using surrogate compounds and can oawsertaintyin ozone
prediction and production distributions.

(c) The recent laboratory investigation shows the significance ofvgdspartitioning of
organic compounds. The loss of oxygenated products to the chamber wall can lead the

lower ozone measurements than the model prediction.

Addition of artificial OH No addition of artificial OH

(c) Exp. PB2, HC/NO,=9.1 (03/04/18)
120 300

100 250
200

150

HC or NO, (ppb)
0; (ppb)

100

50

7 9 11 13 15 17
Time EST (h)
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Minor comments:

1) s OLQH 8QFOHDU FRPSDULVRQ 3« IHZHU JOREDO HPLVYV
Response:

‘H FKDQJHG WKH«VIBAIWSHIOWH WIRHU JOREDO HPLVVLRQV FRPSI

2 s OLQH :KHQ WKH DXWKRUV UHIHU WR 3UHJLRQDO ZHDV
S OLQH XQFOHDU FRPSDULVRQ ZLWK OLWHUDWXUH :KC
measured for? Is it a toluene oxidation study?

Response:

p.2linel :H UHIHUUHG WR FOLPDWH FKDQJH :H FKDQJHG WKH
DWWUDFWHG VXEVWDQWLDO LQWHUHVW IURP VFKRODUV EHFL
p. 4 line 9: It ianeasurdrom a series of toluene oxidation study. WM QJHG WKH VHQWHQF
ratio of organic matter (OM) to OC was experimentally determined to be 1.9 (Table 1, EB4), the

reported value of Bor a series of toluenBOx oxidation studyKleindienst et al., 2007)

3) S OLQH DORWKHU XQFOHDU FRPSDULVRQ ZLWK OLWHU]I
of1.4g/ci” PHDVXUHG IRU"
Response:

We changed the sentence¥éxand ée yepresent the density of the aerosobo&ndin aerosa
éx was experimentally determined (EB4 in Table 1) to be 1.38 arhich was similar to the
reported value of 1.4 g/chior aromatic SOANg et al., 2007;Nakao et aRp11;Chen et al.,
2017)°

4) s OLQH , W DSSHDUV WKDW 2LUUHYHUVLELOLW\ DQG QRC
QRQYRODWLOH"
Response:

This has been corrected in the revised manuscript.

(5) S OLQH 7KH PHDQLQJ RI WKH 8aid g sen¢nBeQWULEXWHG

Response:

14



‘H FKDQJHG W KH «MiHtQis\stddy Brom&tidcRS@Amassis attributed to a few highly

reactive species, such as GkY

15
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Abstract. The formation of secondary organic aerosols (SOAs) from the photooxidation of three monoalkylbenzenes (toluene,
ethylbenzene, and-propylbenzene) in the presence of inorganic seeds*(8iBl4*-H,0 system) under varying NGevels

has been simulated usitige Unified PartitioningAerosol Phase Reaction (UNIPAR) model. The evolution of the volatility
reactivity distribution (masbase stoichiometric coefficient;) of oxygenated products, which were created by the-near
explicit gas kinetic mechanism, wagdgrated with the model using the parameters linked to the concentrations ahtiO

RO:; radicals. This dynamic distribution wasegito estimate the model parameters related to the thermodynamic constants 0[ Deleted: applied

the products in multiple phases (e.9g gas phase, organic phase, and inorganic phase) and the reaction rate constants in the
aerosol phase. The SOA mass was predicted through the partitioning and aerosol chemistry processes of the oxygenated
products in both the organic phase and aqueousi@olcontaining electrolytes, with the assumption of orgamcganic

phase separation. The prediction of the time series SOA mags)(l&yainst the aerosol data obtained from an outdoor
photochemical smog chamber, was improved by the dynareit @mpared to the prediction using the fixadet Overall,

the effect of an aqueous phase containing electrolytes on SOA yields was more important than that,détre &dder our

simulated conditions or the utilization of the adjeven .; set. Regardless of the N€onditions, the SOA yields for the three
aromatics were significantly higher in the presence of wet electrolytic seeds than those obtained with dry seeds or no seed.
When increasing the NQ@evel, the fraction of organic matté®M) produced by aqueous reactions to the total OM increased

due to the increased formation of relatively volatile organic nitrates and peroxyacyl nitrate like products. The predicted
partitioning mass fraction increased as the alkyl chain length incrémgethe organic mass produced via aerosol phase
reactions decreased due to the increased activity coefficient of the organic compounds containing longer alkyl chdins. Overa
the lower masdase SOA yield was seen in the longer akkybstituted benzenin both the presence and absence of inorganic
seeded aerosols. However, the difference of fhake SOA yields of three monoalkylbenzenes becomes small because the
highly reactive organic species (i.e., glyoxal) mainly originates from ring opening psasititcout alkyl side chailUNIPAR

predicted the conversion of hydrophilic, acidic sulfur species teetextrolytic dialkytorganosulfate (diOS) in the aerosol.
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Thus, the model predicted the impact of diOS on both hygroscopicity and acidity, whichsriigeinfluenced aerosol
growth via aqueous reactions.

1 Introduction

Anthropogenic volatile organic compounds (VOCs) have significant impacts on urban and regional atmospheric chemistry,

despite fewer global emissiormmpared withbiogenic VOG (McDonald et al. (2018)As an important group of [Deleted: .

anthropogenic VOCs, aromatic hydrocarbons (HCs) are emitted from automobile €xhansf et al., 201&nd solvent se

Cheng et al. (2018)nd are known to be precursors for secondary organic aerosols (SOAs), which are formed during the
process of photoodation(Seinfeld and Pandis, 20118n polluted areas (e.g., urban areas in Asia), aromatic HCs occupy 11
% to 25 % of the total nonmethane HC emissions (67.0 Tg in Z016) al., 2017)nd traditionally comprise approximately

15 % of SOA formatiorfAit-Helal et al., 2014)which contributes to the urban budget of fine particulate m@tteod et al.,

2010)

SOA formation has attracted substantial interest from scholars because of its vital role in affeotitey changgIPCC, [Deleted:

regional weather

2015;Seinfeld and Pandis, 2016yban visibility(Chen et al., 2012;Ren et al., 2018jhd healt{Requia et al., 2018)The
prediction of SOA formation was first fulfilled by a gpatticle partitioning model. The partitionidgased SOA model uses

two surrogate produc{®©dum et al., 1996)r several semivolatile surrogates (e.qg., volatility basis set (VB®))ahue et al.,

2006) with semiempirical parameters (e.g., the product stoichiometric coefficleand gagarticle partitioningcoefficient

(Kp)) for each HC system under a given Ng@ndition. Due to its simplicity and high efficiency, the partitionbage model

has been widely used in regional and global models. Nonetheless, the models and their predecessors are limited to predi
SOAs formed from irparticle chemistry due to the loss of product structures, which govern the reactivity of organic species
in the aerosol phase. Overall, regional air quality models have historically underestimated fine particulate matter in
summertine (Appel et al., 2017;Huang et al., 20-0e to the lack of iparticle chemistry, particularly in the presence of an
aqueous phase containing electrolyes/ens et al., 2011;Tsigaridis et al., 2014;Kelly et al., 2018)

A few models have attempted to implemenpanrticle chemistry into SOA models. For instankminson et al. (20042005)
simulated aromatic SOA chamber data, with a modifigdté obtain experimentally comparable results, while the delayed
simulated SOA mass indicated the occurrence of chemical reactions in the aerasdVipNesil et al. (2012)developed the

Gas Aerosol Model for Mechanism Analysis (GAMMA) to predict the formation of SOAs via aqueous phase chemistry, which
was further applied to the production of isoprene SO#set al.(2014) advanced the Unified Partitionirigerosol Phase
Reaction (UNIPAR) model, which predicted the SOA mass from partitioning processes and gleassaleactions (reactions

in both organic and inorganic phases and organosulfate (OS) formationat stutly, toluene and 1,3tBmethylbenzene

SOAs were modeled using neaxplicit products with the organicorganic phase separation moBeardsley and Jang (2016)

2
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extended UNIPAR to simulatedprene SOAs in the single homogeneously mixed phase (ofiganj@nic mixture). Despite
the reasonable prediction of SOA masses, UNIPAR faced inaccuracies in predicting time series SOA data due to the use of a
fixed (nonagedriven) massased stoichiomst coefficient (.i) set.

Age-driven functionalization and fragmentation alter the volatility and reactivity of products and their molecular structures
(Donahue et al., 2006;Rudich et al., 2007;Shilling et al., 2007;Hartikainen et al.,\20it8) in turn,varies the irparticle
chemistry.Cappa and Wilson (2012mployed tunable parameters to kinetically demonstrate the evolution of SOA mass and
the bulk oxyge-to-carbon atomic ratio (O:C ratio) during photochemical aging. However, oligomerization reactions in the
aerosol phase were excludddonahue et al. (2011developed a 2B/BS method, which represted product aging by
remapping the volatility and polarity (O:C ratio) of the products in 2D spéw et al. (2015)eported a discrepancy in the
simulated toluene SOAs andpinene SOAs within the same 2IBS configuration, which may result from the different
reactivities of the oxidation products of the precursors in aepisse reactions. In this study, we hattempted to improve

the UNIPAR model by using dynamic (adeven) . and applying the resulting model to predict the SOA formation of three
monoalkylbenzenes (i.e., toluene, ethylbenzene, gmabmylbenzene) under a wide range of environmental condlifian,

NO,, temperature, humidity, sunlight and aerosol acidity). To consider the effect of the aging process on SOA formation,
model parameters related to the organic molecular structures (i.e., the molecular weight (MW) and O:C ratio); aed the

are calculated as the system ages, allowing for the internally dynamic estimation of the activity coefficient of the products
(lumping species) in the aqueous phase containing electrolytes. Hence, the model is able to dynamically compute the
partitioning coéficient of organics in the inorganic phag€.) by reflecting the photochemical evolution of the products in

the gas phase and, consequently, improving SOA prediction. Organosulfate (OS), which has been identified in both laboratory
and field studiegHettiyadura et al., 2015;Li et al., 2016a;Estillore et al., 2016;Chen et al.,, 20 ) important chemical
species due to its low volatility and ability to modulate the hygroscopicity of sulfate constituents. In the presende of acid
sulfate constituents, UNIPAR also predicts the pobdmn of nonelectrolytic sulfates (i.e., dialkydubstituted OS (diOS)) and

the ensuing modification of aqueous phase reactions. The feasibility of unified rate constants fophasssmactions was
evaluated by extending the preexisting rate constavttich has been employed for toluene and itr8y%ethylbenzeng¢lm et

al., 2014)and isoprenéBeardsley and Jang, 2016) the three monoalkylbenzenes in thisigtu

2 Experimental techniques

The SOA formation from the photooxidation of monoalkylbenzenes were conducted in the University of Florida Atmospheric
PHotochemical Outdoor Reactor (M#MPHOR) (Table 1). The concentrations of HCs, trace gasses, B®, and Q),
inorganic ions, aerosol acidity and organic carbon (OC) of particles were monitored, as were the meteorological factors (i.e.
relative humidity (RH), temperature, and ultraviolet (UV) radiation). The configurations of the chamber and instiemsentat
were described bim et al. (2014)Li et al. (2016a)Beardsley and Jang (201&)u et al. (D17), andJiang et al. (2017)

3
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Aerosol acidity ([H], mol/L of aerosol) is monitored usinglodimetry integrated with the reflectance bNsible spectrometer
(C-RUV) techniquel(i et al. (2015a8) 6HFWLRQ 6 LQ WKH VXSSRUWLQJ LQIRUPDW)IRQ 6,
an aerosol is estiated by the difference [Hobtained from ion chromatography (IC) interfaced with a partitie-liquid

sampler (PILS)l(i et al. (2015apnd GRUV method. Each HC was studied under at least twol&l@Is(high NO: HC/NO

< 5.5; low NQ: HC/NO, > 5.5) with or without inorganic seeded aerosols (i.e., sulfuric acid (SA) or ammonium sulfate (AS)).
HONO was added into the system as a reaction initiator. To investigate the effect of the liquid water corn@rar(lA%

seeded SOA, two RH conditions were applied. (1) dry: RH < efflorescence RH (ERH) of the AS seed; (2) wet: RH > 50 % to
prevent crystallization of AS seed. The ratio of organic matter (OM) to OC was experimentally determined to be 1.9 (Table 1,

EB4), which was similar to the reported value of f10a series of toluenBlO, oxidation studyKleindienst et al., 2007)

3 Model descriptions

The structure of the UNIPAR model is illustrated in Fig. 1. The simulation of aromatic SOA formation in the aqueous phase
containing electrolyte was performed under the assumption of complete eiryangianic phase separatioBertram et al.
(2011)modeled the separation RH (SRH) in the ligligaiid phase of the mixture of organic and AS using the bulk O:C ratio.
When ambient RH < SRH, the system undergoes orgaaiganic phase separation. The reported Otidgaf the toluene,
ethylbenzene, andpropylbenzene SOAs were 0.62ato et al., 2012).55(Sato et al., 2012)nd 0.45Li et al., 2016b)
respectively, which caused the corresponding SRH values to be 65 %, 80 93 &mdrespectively. Most RH for active
photooxidation of HCs under ambient sunlight were under 65%, which supported the assumption ofragaméa phase
separation. In addition, as less soluble oligomers formed in the aerosol phase, an SRH higbe¥athaas more likely to be
yielded.

3.1 Atmospheric evolution of lumping species

The gasphase oxidation of HCs is simulated using the fee@licit gasphase chemistry mechanism (Master Chemical
Mechanism (MCM) v 3.3.1)Jenkin et al., 2012integrated with the Morpho chemical solv@effries et al., 1998)To
represent the polluted urban and clean environments, thphgas oxidation is simulated under variousxN&els (HC
ppbC/NQG ppb=2- 14) for given meteorological conditions (e.g., sunlight, temperature, and RH on 06/14/18 near the summer
solstice, with a clear sky in Gainesville, Florida). The resulting oxygenated products are lumped into 51 species within a 2D
set with 8 levels of voldity (1-8: 108, 108, 105, 104 102, 102 10%, and 1 mmHg) ané levels of aerosgbhase reactivity

(very fast: VF, fast: F, medium: M, slow: S, partitioning only: P, and raldtthol: MA) plus 3 additional reactive species
(glyoxal (GLY), methylglpxal (MGLY), and epoxydiols (IEPOXsoprene products)) with own vapour pressiitee detailed

lumping criteria and.; equations are described in Section S1 in the Sl along with the major product structures (F&i3ps S1

7KH GL26 FRQFHQWUDWLRQ
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To simulate agelependent SOA fmation, Uyjs reconstructed over time by a weighted average method using a pair of gas

phase oxidation compositions with different aging statuses: fresh composition and highly oxidized composition. The weighting

B:PL HK—*L;’;E?

method, as shown in the Sl in Section S2.

3.2 SOA formation: partitioning

factorat time = Hs related to an aging scale factd (F),which is defined as [Deleted: t
1) [Deleted: P
[Deleted: ),
where [RQ] and [HO] represent the concentrations (ppb) of R@d HQ radicals, respectively, and [HClepresents the
initial HC concentration (ppbC). The lowkounday,of B :P,( = fresh)to determine thgll;setjs equal to7.2 at HC/ING=2 [Deleted: boundaries
(high NO levels) and-3.7 at HC/NQ=14 (low NOy levels) for all three HCsThe uppealueof B :P,( B highly agedto [Dﬂewdi il
\ .
determine the highly aget}sefis equal to5.2 and-2.9 under the same high and low Névels, respectively. Both the fresh %De'eted' t
N . N X . . X X . Deleted: fresh
Uand highly ageddsare functions of HC/NQ B : R,is further converted into a fractional ag&%_e( ? - P),rgnglng from 0\ [Delemd: of resh composition
. . . . . " L:00uRioug® W g i
(fresh composmonmvl (highly-aged composition)sing a weight average methp ": P, L SO0 I00aR &0 5@_35& each [De|eted_ ).
NOy level, Then, Ujs dynamically reconstructed based Bri: P.under varying N@conditions, %Deleted: boundary
¥ A & - pep .. & & & 4 Deleted: :PR,
WL :sF B"R;:""fG; E :B"P;:S <%0 $ %ol ) [Deleted: .
The molecular structures, including&®and MW (/9 ), of each species)(are also dynamically represented by a similar [Deleted: Uset for
[ Deleted: composition is obtained wheB
[Deleted: P,
( Deleted: factor, B}
L . . . [Deleted: -
The partitioning coefficient ¢ g from the gasd) phase to the organior) phase ¢ 525 M J') and from theg phase to the — - —
) [ Deleted: (0: fresh composition; 1: highly aged composition).
inorganic (n) phase ¢ gt J') of each species is estimated using the followingpzaticle absorption modéPankow, [Daeted:

1994)
[ BAET
58 ERY 0 wio

[ BAE
Taal and 08l SF e m oume

whereR represents the gas constant (8.314 J'rHol). T represents the ambient temperature (K9. ;5and /9  gepresent
the average MW (g md) of organic and inorganic aerosols, respectivéfyrepresents the subcooled liquid vapor pressure
(mmHg) of a species, In theor phase, we assume that the activity coefficidljtsf) of a speciesYis unity (Jang and Kamens,

1998) In thein phase,(; gis semiempirically predicted by a regression equation, which was fit the theoretical activity

®

coefficients of various organic compounds to RH, fractional sulfate (FS), aledutar structures (i.e/,9 and 1&4. FS is

the concentration of the total sulfate and the total ammonium, respectively). The theoretical activity coefficientswetee esti

g

- . . . . gy ?
a numerical indicator for inorganic compositions related to aerosol aCﬂﬁy_(ﬁé

where 35 £7 2and >0 *Z 7are

at a given humidity and an aerosol composition through a thermodynamic model (Aerosol InGngmmic Mixtures

Functianal Groups Activity Coefficients (AIOMFAC))Zuend et al., 2011)
QJ;‘JL pBa<ABA/EDG?844 SR AEA 298 <8 1?44 =K544EA?568:8

(©)

U 0 U )
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Thestatistical information for Eq. 4 is shown in the Sl in Sectiom&8-ig. SL. The resulting- 5 gand - ;; gare employed to
calculate the concentration (ug3rof the lumping species in multiple phaség % s % s and %yl %gE %aE % 2.
Schell et al. (2001geveloped a partitioning model to predict SOA formation. This model was reconstruc@ea layd Jang
(2010)to include OM formed via aerosphase reactions1(/ .4 for a speciesi), which is estimated in Section 3.3./
formed duriry the partitioning processl(/ g is estimated by utilizing the mass balance shown in the following equation.
1/ e L AgppgF 1/opgF Wop—r—oo 0 (5)

cQ . A ~
Ean U0, AR o
AOGE S TG B F

0/&)( S -aa)is the effective saturation concentration ahdl , represents the concentration (mof)nof the preexistingl / .
19 spqrepresents the average MW of oligomeric products. Eq. 5 is solved via iterations using the globaligicgnv

NewtonRaphson methofPress et al., 1992)

3.3 SOA formation: aerosolphase reactions

The formation of1/.¢gis processed in botbr andin phases: oligomerization in ther phase to forml/.gg sand
oligomerization in then phase to forml /.¢4 gpased on the assumption of a gBtherization reaction (i.e., secowdder
reaction)(Odian, 2004jor organic compounds in media. Oligomerization in an aqueous phase can be accelerated under acidic
environmen{Jang et al., 2002Yhe oligomerization rate constants (L thef') in theor phase anih phase areGgand G

respectively, and the kinetic equations for oligomerizations are written as follows.

0% ofi. 8. EBEA .
x¢ LFC%AJ/gaJ- o054 " (6)
o off .6 B0,
< - FewBa — oy )

The bracketed terms in the equations indicate the conversion factors from-besecbncentration®f sand 9 5 mol L

1) into airbase concentrations (ug¥n The detailed derivations are shown in Section S5 and are illustrafég. if2. é; 5

and é; gepresent the density of the aerosobofindin aerosol. é; swas experimentally determined (EB4 in Table 1) to be
1.38 g cn¥, which was similar to the reported value of 1.4 g*¢or aromatic SOANakao et al., 2011;Chen et al., 201&) 4

is obtained from a regression etjoa through the extended aerosol inorganic modehl(#) (Clegg et al., 1998)Due to
atmospheric diurnal patterns (high RH at nighttime to low humidity during daytime), it is likely that the RH changes would be
based on inorganic aerosol ERH. UNIPAR internally predicts the ERH using the equation de@atdry et al. (2003)

G.4in EQ. 7 is estimated based on a semiempirical model developdhhbyet al. (2005)s a function of species reactivity
(49, protonation equilibrium constant.(-, 46 ), excess acidity (), water activity (=), and proton concentration ([H,
which are estimad by the EAIM.

5FEG 4d 4 4 @ A 57@>R akdy AS 298
Gygl st [=¢4 AL 6 S5aB>R Akt A® g @)
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In the or phase,Ggjs estimated by excluding theand =, > > Zerms. The formedL /. can be calculated as a sum of

1/oggapand 1 /.5 sfor each species assuming thit o is irreversibly formegand nonvolatik (Kleindienst et al., [Deleted: irreversibility

2006;Cao and Jang, 2010) [Deleted: nonvolatility

3.4 Organosulfate formation

In the presence of aqueous acidic sulfate, UNIPAR predicts the formation of @& @ 5« gdo compute the change in
aerosol hygroscopicity and aciditpt each time step, free electrolytic sulfatss(§? 3,3 ggwhich is the sulfate that is
unassociated with ammonium>Q *3 9, is represented as>s £’ ?2F rav0*; 2. 5 £’ 3s4is then applied to the
semiempirical equation tested piavsly for several SOA systen{sm et al., 2014;Beardsley and Jang, 20f6)predict
>@ E % 5« g @s described below,

*UEPuipx 5
— LsF — 9
A& Rivoo 5>L\JI0A§:DIO£:DB ©

where B efiepresents the diOS conversion factor introducethbgtal. (2014) which was seraémpirically determined to

be 0.063 in this studyO, ; cfiepresents the numeric parameter for scaling lumping groups based on the effectiveness of the
chemical species to form diOS. For example, the diOS scale factdoisedch alcohol and aldehyde group and 2 for each
epoxide group (see Tables-S38 for functional groups). Ther), ; gis summed at each time step and applied to Eq. 9.

3.5 Operation of the UNIPAR model

7KH YDULDEOHV ZKLFK LQFOR) MO+ &RER QO/NB, SR RQperdidre, and the inorganic
FRQFHQWUDWE RQD QG @d*BHUH LQSXW WR WKH 81,3$5 PRGHO HYHU\ PLQXWHV aWw

4 Results and discussion
4.1 Prediction of SOA mass under the evolution of oxygenated products

As reported in former studies, the kinetic mechanism tends to underestimate the decay of aromatic HCs because of the low
prediction of OH radical§Johnson et al., 2005;Bloss et al., 200B)this study, the addition of artificial OH radicals varies
with the HC/NQ ratio by fitting the predicted decay of HCs using the kinetic mechanism in the experimental measurements.
The time profiles of the decagé the three HCs are shown in Fi@ i the SI. When the NQevel is very low, the maximum
additional OH radical production rate for monoalkylbenzenes is 2miblecules cris’ , which is less than 4x$@Bloss et
al., 2005)but similar to the value reported kb et al. (2014) When HC/NQ < 3, no addition of artificial OH radicals is
needed for the chamber simulation of the decay of monoalkylbenzenes. For them@kKeproduction rate constants of all
three HCs under varying NCthe mathematical weighting equation is written below,

@ e ¢Aa

@U=1EP=GAQL N=RA w5, Hta H's r*molecules crs' (10)

PLQXWHYV
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In our model, we assume that the oxidation of products progresses in the gad pirdseet al. (2012)eported that the
transition point of FC10 SOAs from a functionalization dominant regime to a fragmentatomhnt regime is approximately
3 days (photochemical equivalent age under an atmospheric OH exposure of i6kebdles crf). Under this criterion, we
exclude the aging of nonvolatile aerosol produdd {z). However, the oxidation of aerosol prats for longer periods of

time may decrease the volatiliggeorge and Abbatt, 2010;Jimenez et al., 2009)

Fig. 2 illustrates the evolution of the volatilitgactivitybased distribution of the mabssed stoichiometric coefficient;)

of tolueneat the two different NQlevels (HC/NQ=2.9 and 10.5). Collectively, most; values at both NQlevels tend to
decline as the reaction time lapses (Fig. 2(a) vs. Fig. 2(b); Fig. 2(c) vs. Fig. 2(d)) since the evolution of some Eemivolati
organic compounds (SVOCs) forms very volatile molecules €€, formic acid, and formaldehyde). For example, the
values of highly reactive carbonyls with high volatility (GLY and MGLY in Table S1) are high under the fresh condition and
significantly decline as the system ages, because they undergo fast photolysis under(@edigiet et al., 2015;Henry and
Donahue, 2012)Consequently, thdecay of these highly reactive species leads to the decrease in the produdtibn:of

The high NQ level delays the oxidation of gghase products. Similar trends in theet can be found for ethylbenzene and
n-propylbenzene, as shown in Figl §@able S2)andFig. S5 (TableS3), respectively. The; of highly reactive species (e.g.,
GLY, 8VF, 3M, and 5S) decreases by increasing the I\&| due to the suppression of the Ht@cle via the reaction of NO

with OH radicals. As seen in Fig. 2(d), some medium reactivity species {ireth®/}+4-oxo-3-nitro-2-butenoic acid (3M), 2

methyt4-oxo-2-butenoic acid (6M), and acet$toxopropanoate (7M)) start to form as Ni&creased.

In Fig. 3, the comparison tveeen the simulations of SOA formation from toluene oxidation is based on two different
reconstruction strategies: dynamicand fixed .i. A clear improvement in the prediction of SOA formation is demonstrated
when comparing the SOA mass using dynamito that using fixed.i. The aged SOA growth from the three systems (i.e.,
low NOx level (Fig. 3(a) and Fig. 3(d)), moderate Nével (Fig. 3(b) and Fig. 3(e)), and high NBvel with an inorganic

seed (Fig. 3(c) and Fig. 3(f)) are even smaller than phedicted with the lessged .; set, which is fixed athe time of the

HCs being consumed half of the total consumpt@ar model simulation against the chamber data suggests that while aging
may alter aerosol compositions (Fig. 2), it does not alvagease SOA yields. Traditionally, the SOA mass has been
predicted using fixed thermodynamic parameters (i,gand .;), which is inadequate when reflecting upon practical scenarios,
where oxygenated product distributions vary dynamically with oxidation

4.2 Effects of aerosol acidity and LWC on SOA formation

In the model, aerosol acidity was expressed using a fractional free sulfate (FFS), which is defined as EfS=([SO
0.5[NH,*))/[SO4Z]. Humidity can influence both aerosol acidity and LWC, which are the model parameters in UNIPAR. Thus,
UNIPAR has the capability to decouple the effect of aerosol acidity and humidity, as shown in Fig. 4 for toluene SOA. The
impact of aerosol acidity arftumidity on the yields of SOAs derived from ethylbenzene aprbpylbenzene is illustrated in

8
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Fig. S6. The dramatic difference in SOA yields appears between the RH above ERH and the RH below ERH. The LWC
disappears below ERH, and there are no aqueoutiaes. For example, the observed SOA yield of ethylbenzene with
effloresced AS was significantly smaller than that with wet AS: 11 % (EB8 in Table 1) vs. 30 % (EB9 in THaimd)s et

al. (2011)andLiu et al. (2018)eported a significantly lower yield of toluene SOA for dry AS seeddsols compared with

its wet counterpart. The partitioning of polar carbonaceous products increases with increasing LWC and, thus, aqueous
reactions. In the presence of wet aerosols, SOA yields gradually increase with increasing FFS (increasireg aciivgh

RH due to aciecatalyzed oligomerization. The oxygenated products of toluene are relatively more polar than those of
ethylbenzene or propylbenzene and positively attribute to increase gf. OM

Compared to isoprene SOAs reportedBaardsley and Jang (2018he impacts of humidity and acidity on the SOA yields
of monoalkylbenzenes in this study are relatively weaker above the ERH (Fig. 4), except for the highly acidic conditions unde

high humidity. In this studyaromaticSOA masgis attributegito a few highly reactive species, such as GLY. Other aromatic [Deleted: The formation of

oxidation products partitioned in the aerosol phase have moderate solubility and they are slow to react in the aqueous p[ Deleted: SOAs

Isoprene products are more hygroscopic than aromatic productsvendnexable with an aqueous phase containing ((Deteted: _contributed

electrolytes. The reactions of medium reactivity polar products that formed during isoprene oxidation can be accelerated by

an acid catalyst with higher sensitivities to acidity and humidity.

4.3 Organosulfate:simulation vs. measurement

Fig. 5 illustrates the time profiles of the predicted concentrations of diOS ([ei©@5dnd protons ([F) with the measured
concentrations of diOS ([diO&}), [NH4"], and [SQ?] for different aromatic HCs under given exipeental conditions (Fig.

5(a)(c)). For the three SA seeded SOA experiments, the fractions of diOS to the total sulfate amount are 0.09, 0.15, and 0.06
for toluene (Exp. Tol8, HC/N&2.9, FS changing from 0.64 to 0.39), ethylbenzene (Exp. EB7, HEMXB FS changing

from 0.82 to 0.46), and-propylbenzene (Exp. PBFHC/NO=14.4, FS changing from 0.76 to 0.38), respectively. The
[diOS]model reasonably agrees with [diQg] The aerosols in Exp. Tol8 and Exp. PB5 show the cease in diOS formation at
approximately 10 am since they became effloresced due to the neutralization of SA with ammonia under the reduction in
humidity during the daytime. The diOS fraction in Exp. EBRjal contained wet acidic aerosols, was higher than those in

Exp. Tol8 and Exp. PB5 indicating that the acidic condition was favorable for the formation of31Li@&tt et al., 2010;Lin

etal., 2013)

Beardsley and Jang (201@ported that the diOS fraction for isoprene SOAs was 0.26 (HG/BE®, FS changing from 0.69

to 0.47), which was more than that for toluene SOAs, indicating that the oxidation products of isoprene may contain more
reactive species to form diOS. For exae; IEPOX products in isoprene SOAs are known to be reactive (B@&hsulistiorini

et al., 2017)Additionally, isoprene aerosol products are mixablki wgueous solutions containing electrolytes, and they can

more effectively form diOS compared to the aromatic products in Higuiéd phase separation.
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To estimate the potential upper boundary of the concentration of diOS ([di0i8] monoalkylbenzee SOA, the aerosol
composition was predicted by the model in the presence of SA aerosols (without neutralization with ammonia) under the given
experimental conditions shown in Fig. 5. The resulting diOS fractions were 0.29q®Mfate mass ratio (OM:y= 1.4),

0.25 (OM:sulf = 1.4), and 0.12 (OM:sulf = 0.7) for toluene, ethylbenzene qmdpylbenzene, respectively. The aerosol
acidity of the ambient aerosol is generally lower than ammonium hydrogen sulfate (AHS) and, thus, the diOS fraction in
ambient air would be much lower than the estimated upper boundary. Fig. 5 suggests that the change in both aerosol acidity
and hygroscopicity by the formation of nonelectrolytic sulfate is important to predict SOA mass.

4.4 Effect of NG on SOA formation in the presence of an aqueous phase containing electrolytes

Fig. 6 shows the impact of N@n the three aromatic SOAs in this study by producing SOAs at two differeneigs in

the presence and absence ob.SQverall, regardless of the inorganic seed conditions, both the chamber observation and model
simulation suggest that increasing the \N€vel leads to the decreased formation of SOAs. This trend in the absence of
inorganic seed aerosols has also been observed multiple(tineesl., 2015;Ng eal., 2007;Song et al., 2008y increasing

NO,, the path of an R{radical progresses to the formation of orgatrate and peroxyacyl nitrate (PAN) products, which are
less reactive to aerosphase reactions. They are relatively volatile and, thus, insignificantly attribute to partitioning SOA

mass.

For example, the SOA yields under the low,N&¥el (HC(ppbC)/NQppb)=9.1~14.8, Table 1) in the presence 0f,30th

a similar degree of ammonia titration (i.e., similar FS values by the end of the experiments), were higher than those without
seeded aerosols: 42 % for toluene (Exp. Toll, FS=0.44), 26 % for ethylee(Erp. EB1, FS=0.37), and 66 % for
propylbenzene (Exp. PB1, FS=0.43). The impact of aerosol acidity was even greater for SOAs produced under,a high NO
level (HC(ppbC)/NQ(ppb)=2.8~5.0): 65 % for toluene (Exp. Tol3, FS=0. 43), 146 % for ethylbenzeneEB%pFS=0. 39),

and 77 % for propylbenzene (Exp. PB3, FS=0. 40). SOA formation under highdd@itions is generally more sensitive to
aerosol acidity compared to that at low Névels (Figs. 6(ajc) and Fig. 3(f) vs. Figs. 6(dXf)). Thefractions of medium
reactivity products are relatively high in high N@vels and their reactions in aerosol phase can be accelerated by an acid
catalyst.

4.5 Sensitivity of SOA formation to humidity, temperature, aerosol acidity, precursor HCs, and Nevel

Fig. 7 illustrates the sensitivity of the SOA mass simulated at relatively low concentration of HC (20 ppb) (paneldg for thr
monoalkylbenzenes to important variables (i.e., humidity ¢&. B-l for AHS and Cl vs. D-l for AS), temperature (A vs.

E-I for AHS and FI vs. G| without inorganic aerosol), aerosol acidity-(&s. G| at RH=45 % and B vs. D-| at RH=65 %),

and NQ levels (Al vs. HI with AHS seeded aerosols and Fs. I-I without inorganic seeded aerosols)). The most drastic
charge appears by changing the temperature from 273 IKt(E298 K (Al). The SOA yield is known to increase by-280
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%, which results from a 10 K decrease in tempergtBheeharand Bowman, 2001)-or all SOAs, noticeable changes are
shown between the absencelland presence (A) of wet inorganic seeds, while a minor change appears between wet AHS
(A-1) and wet AS (@). Within the wet acidic aerosols {Avs. Bl and Gl vs. D), the effect of RH is insignificarih our
simulation as discussed in Section 4.2. Although the impact of(R@ vs. Hl and FI vs. I) is less than that of temperature

and inorganic seeds, SOA yields are still significantly altered, as detiurs Section 4.4.

Panel Il series in Fig illustrates SOA growth curves under various conditions shown in panel I. Overall, the simulated SOA
yields (slopes) increase with a decreased alkyl chain length (toluene > ethylbenzprepyllmenzene), wibh is consistent

with our chamber observations (Table 1). Although the decreased of vapor pressure of products benefits increasss in OM
the alkyl chain length increases, the increase of the activity coefficient of the organic products containing longegirdkyl ch

in aqueous phase is unfavorable to form fAMia aqueous reactions. However, the difference of hake SOA yields of

three monoalkylbenzenes becomes small because the highly reactive organic species (i.e., glyoxal), which are produced
through ring opening reactions without alkyl side chain, significantly attribute ta&xOManel Il confirms that the effect of

an aqueous m@se containing electrolytes on SOA yields is more critical than that of theleN€ under our simulated

conditions.

4.6 Sensitivity of model prediction to major variables and model uncertainty

To determine the model sensitivity to these parameters,lations (Exp. Tol9 in Table 1) were performed by
increasing/decreasing vapor pressu@, the enthalpy of vaporizatiort¢ o), @ 5 and G,y factors of 1.5, 1.1, 1.5, and
2, respectively. The corresponding changes in the SOA ma23.4re0/20.1 %, 0.2 %0.1 %, 9.3%/9.3 %, and 7 %/-8.22
%, respectively. The change in SOA mass from the baseline for each simulation is shown8n Fig. S

The uncertainty associated with the group contribution method us& éstimation is a factor of 1.4Zhao et al., 1999)
* s 5 das a reported error of 2.6 @olska et al., 2005) [, 4is estimated as a function of O:C, MWHRand FS (Eq. 4)G 4
is semiempirically calculated based on;HiLWC, and species reactivity (Eq. 8). TheAM is performed to estimate the
LWC, which is reliable and based on a broadly used water activity dqf@isabhg et al., 2000)Yet, the inorganic
thermodynamic models includingA&IM performed inadequately in the prediction of‘[Hinder low RH and ammonia rich
conditions (FS < 0.55)Li and Jang, 2012)

Although most identified toluene products have been included, such as-ntofiexene (3S),-thethyt5-nitrophenol (5P),
2-methytbenzoquione (6S),-thethyt4-oxo-2-butenoic acid (6M), @resol (7P), dydroxy-1,3-propandial (7VF), 3nethyt
2(5H)furanme (8P), MGLY, and GLYForstner et al., 1997;Jang and Kamens, 2001;Satq 08l7;Gomez Alvarez et al.,
2007;Huang et al., 20163 large amount of toluene oxidation mechanisms andviea@roducts remain unstudied. A similar

trend can be found in ethylbenzene and propylbenzene. Evidently, the addition of artificial OH radicals inptiEsgas
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simulation suggests missing mechanisms in the MCM v 3.3.1 or an improper branching retictiohs. Additionally, the
diverse reactions of the R@adicals might be oversimplified in the galsase simulation by employing surrogate coefficients.

In the model, nolectrolytic diOS was predicted and applied to prediction of LWC arfll fkhich sibsequently affect
aerosol growth via aqueous reactiomgpically, the monoalkyl sulfate is identified as a product of the esterification of SA
with reactive speciefHettiyadura et al., 2015;Li et al., 2016a;Estillore et al., 2016;Chen et al.,.2018)possible that
monoalkyl sulfates can influence LWC and aerosol acidity differently from sulfuric acid, although they are strongly dcidic an
hygroscopic. AlthougiNoziere et al. (2010eported that OS could be produced by the reactions of GLY and sulfate radicals
in the presence of agous AS under UV light, the amounts of formed monoalkyl OS and their influence on aerosol

hygroscopicity is still not clear.

Some other factors in recent investigations, such as organic vapor wall loss and aerosol viscosity, have not accounted for by
the UNIPAR model. The loss of organic vapor to the Teflon chamber wall can compete with {etigds partitioning

process and the reactions in both the gas phase and aerosol phase to initiate a negative bias in the experimental sneasurement
(Zhang et al 2014;Mcvay et al., 2014Themodeling of the gasvall process of semivolatile organic compounds can improve

the prediction of SOA mass in regional scales. In addition, an increased aerosol viscosity via aging could modifynttg diffus

of the partitioned organic moleculésbramson et al., 2013nd the reaatin rate constant for oligomerization in the aerosol

phase.

5 Conclusions and implications

Despite numerous studies in SOA characterization and formation mechanisms, substantial biases between the simulated and
field-measured SOA mass were still foufdodzic et al., 2016)due to the inadequacy of handling the dynamic
multigenerational agin@athar et al., 2018nd aqueous reactions of theygenated products in the presence of an agqueous
phase containing electrolytéBrvens et al., 2011)n this study, the UNIPAR model addressed those issues using a dynamic
agedriven .; set, multiphase partitioning of organic compounds, afghiticle chemigy. Although the utilization of the age

driven .; set improves the time series prediction of SOA mass, as shown in Fig. 3, the photochemical evolution of the gas
phase products via monoalkylbenzene oxidation (Fig. 2, Bicarl Fig. S) does not increasthe SOA mass, as is commonly
suggested. Overall, the effect of an aqueous phase containing electrolytes on SOA formation was more critical than that of th
NOy level under our simulated conditions. By adding a wet inorganic seed to trse@drSOA syste, the masbase SOA

yields under high NQlevels increase more than those under low, B@hditions (Fig. 6 in Section 4.4). The vapor pressure

of volatile organonitratand PANIike species, which are formed at high Névels,are not low enough to increase partitioning

SOA mass (Fig. 7 Al). Thus, SOA yields decreased by increasingxMN®els. Overall, both simulation and chamber data
show that monoalkylbenzene SOAelis increase with a decreased alkyl chain length: toluene > ethylbenzene > n
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propylbenzene. This difference is most noticeable in the presence of an inorganic seed ak legaIN®ig. 7 All and H
11). (Colberg et al., 2003)

Due to the pervasiveness and relatively high concentration of toluene in the urban situation, wherg H&EMNE&Nd wet

inorganic seeds typically exist, the importance of toluene SOAs to the urban SOA burden can increase. The oxidation products
from aromaic HCs can also involve cloud condensation nuclei activity due to their high reactivity via heterogeneous chemistry
(Molteni et al., 2018)resulting in a change in the properties of clouds and fog and the urban radiation (@&tadoe et al.,

2016) The unified aerosgbhase reaction rate constants for three monoalkylbenzenes represent the feasibility of applying the

UNIPAR modé to more aromatic systems (dialkyl benzenes and trialkyl benzenes) and the complex urban mixture.
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Table 1. Experimental conditions and resulting SOA chamber data of the monoalkylbenzenes photooxidation experints

performed under various NOx conditions with or without inorganic seeded aerosol in the dual outdoor UF APHOR chambers.

337R0O° 3(%° DQG 3%  UHSUHVHQ W-praiibexize e oxiddtidhneXxpeimedts Hespectidey.G Q

P3(" RU 3:" GHQRWHYV WKH HDVW RU ZHVW FKDPEHU
¢ SOA data obtained from Im et al. (2014).

936$° 32$6° DQG 3G$6° GHQR W Wet\aXiddniubhsalfaieFskadls, \ahdHIG ¥mmonium sulfate seeds. (dry:
RH < ERH; wet: RH > ERH). For those without notification,.$@® the unit of ppb) was injected into the chamber to generate

acidic seeds.

¢SOA yield is estimated usings¥sa 020 G+& PKHG20 LV IRUPHG RUJDQLF PDWWHU
table was estimated where SOA mass reached to the maximum over the course of the experiments.

f This column denotes that the corresponding data was used in which figures.

The accuracy of Rtk 5 %. The accuracy of temperature is 0.5 K.
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Figure 1: Simplified scheme of the UNIPAR model.HIC]o represent the initial hydrocarbon (HC) concentration. The dynamic mass
based stoichiometric coefficient (dynamic.i), the consumption of HCs 0+ &V DQG WKH FRQFHQWUDWLRQV RI K\GURSHUR[LGH UDGLFDO
([HOZ]) and organic peroxyl radical ([ROz]) are simulated from the gas kinetic model. The aging factorf{) is represented as a

5 function of [HOz], [RO;], and [HC]o, which is detailed in Section 3.1C and K denote the concentration and the partitioning coefficient
in gasphase(g), organic phase ¢r), and inorganic phase if1). kor,i denotes the reaction rate constant of oligomerization inr phase.
kac, denotes the reaction rate constant of acidatalyzed oligomerization inin phase and is represented as a function of aerosol
acidity ([H*]) and ambient humidity (RH). OM UHSUHVHQWV WKH FRQFHQWUDWLRQ@RRI RUDIQ@W. P PDWWHU 6XEVFULSWV 3
denote aerosophase reactions, partitioning, and totalorganic matter, respectively. Subscripti represents each lumping species.

10 diOSrepresents the concentration of organosulfate (dialkyl sulfate (diOS) in this study).
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Figure 2: The massbased stoichiometric coefficients () of each species, from toluene oxidation under low NOx level (simulation
based on the sunlight of Exp. Tol6, HC/N@= 10.5, 12/16/18) at (afresh condition and (b) highly aged condition, and under high
NOx level (simulation based on the sunlight of Ex Tol8, HC/NOx = 2.9, 04/30/18) at (dyesh condition and (d) highly aged condition,

5 wherefais the aging factor as derived in Eq. 1. The oxygenated products predicted by the explicit gas kinetic model are lumped as
a function of vapor pressure (8 groug: 108, 10°, 105, 104, 103, 10?, 10%, and 1 mmHg and aerosol phase reactivity (6 groups), i.e.,
very fast (VF: tricarbonyls and .-hydroxybicarbonyls), fast (F: 2 epoxides or aldehydes,), medium (M: 1 epoxide or aldehyde), slow
(S: ketones), partitioning only (P), and multialcohol (MA). MGLY (methylglyoxal) and GLY (glyoxal) were lumped separately due
to the relatively high reactivity.
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Figure 3: Comparison between simulated SOA mass by the fixed (. fixed at the point of HC being consumed half of the total
consumption) and dynamic .i (. evolving as photooxidation) under (a) low N@condition (Exp. Tol6, HC/NOx = 10.5), (b) moderate
NOx condition (Exp. Tol7, HC/NOx = 6.4), and (c) high NQ condition (Exp. Tol8, HC/NOx = 2.9 with sulfuric acid (SA) seeded
aerosol). (d), (e), and (f) represent the timeependent SOA growth curve (SOA mass concentration against consumed HC)
corresponding to the experimatal conditions of (a), (b), and (c), respectively. The solid circle represents the experimental
measurementsThe SOA mass is corrected for particle loss to the chamber wallhe experimental conditions are available in Table

1.
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Figure 4: Simulated toluene SOA yields (¥oa (20 0+& DV D IXQFWLRQ RI UHODWLYH KXPLGLW\ 5+
sulfate (FFS: 0 ~ 1), whereFFS = ([SO?]-0.5[NH4*])/[SO+*] and is used to estimate aerosol acidity ([fJ) in inorganic
thermodynamic model. The RH and FFS are fixed in the simulations. The ggshase simulations are based orhe experimental
condition of 06/14/2018 (Exp. Tol9 in Table 1) (initial HC concentration = 20 ppHC/NOx = 2, sulfate mass concentration = 20

pg/md, andthe mass ratiR R1 WKH FRQVXPHG +& WR VXOIDWH 0+& VXOI
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Figure 5: Time profiles of measured inorganic sulfate concentration ([S&7]exp), ammonium concentration ([NHi*]exp), diOS
concentration ([diOSlexp), the predicted proton concentration [H*]), diOS concentration ([diOSkuode), and the maximum diOS
concentration ([diOS]max) (assuming there is no ammonia neutralization in the system) for SOA generated from (a) toluene (HNDix
=2.9,0M-to-sulfate mass ratio (OM:sulf) = 1.4, (b) ethylbenzene (HCNOx = 12.3,0M:sulf = 1.4), and (c) npropylbenzene (HCNOx

= 14.4,0M:sulf = 0.7). The degree of neutralization is indicated by FS, which is ranging from 1 (for sulfuric acid) to 0.33 (for
ammonium sulfate).36$”~ VWDQGV IRU H[SH UijdtibQamfufit avit s€etdd BeFdabls. The ion and diOS concentrations
were corrected for the particle loss to the chamber wallThe experimental conditions are available in Table 1
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Figure 6: Time profiles of measured and modeled SOA mass concentrations faluene, ethylbenzene, and 4propylbenzene SOA
under low/high NOx conditions in the presence/absence of S@erived sulfuric acid seeded aerosol. The red and green colors indicate
experiments with and without SQ, respectively. Solid, dashed, andotted lines denote the total organic matter (OM), the OM from
partitioning only (OM p), and the OM from the aerosolphase reactions (OMr), respectively.The degree of ammonia neutralization
with sulfuric acid is indicated by the FSena, which is the FS atthe end of the experimental run.The FSna is ranging from 1 (for
sulfuric acid) to 0.33(for ammonium sulfate). The uncertainty associated with experimentally measured OM is about 9 %. The SOA
mass was corrected for the particle loss to the wallhe experimental conditions are available in Table 1.
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Figure 7: The simulated SOA mass (Panel I) for toluene (Tol), ethylbenzene (EB) andpropylbenzene (PB)under different
conditions, as are listed the top table. Thénitial concentrations ofmonoalkylbenzenes, preexisting OM (OMo), NH4HSO4 (AHS)
seeded aerosol, and (NBSOs (AS) seeded aerosol are set at 20 ppb, 2 P J3PDQG 3 tesPectively. The gagphase
simulation used the sunlight on 06/14/2018 (Exp. Tol9 in Table )Mp and OMar represent the organic matter from the partitioning
process and aerosephase reactions. (Panell ) shows he time-dependent SOA growth curve for hree monoalkylbenzenesunder
corresponding conditions (top table). The concentrations in the legends refer to the mass concentrations of the consumed
hydrocarbons in each simulation under the high/low NQ conditions.
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